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eXR AQM M/ 7`22 2H2+i`QM 7`+iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RkN
3XR M˙ = 10−4M!yr−1 T`Q}H2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3y
3Xk M˙ = 10−5M!yr−1 T`Q}H2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3R
pBBB
GBbi Q7 6B;m`2b
RXR 1pQHmiBQM`v i`+F Q7 2M! bi` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
RXk 1pQHmiBQM`v i`+F Q7 2M! bi` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
RXj a+?2KiB+ `2T`2b2MiiBQM Q7 SSL /mbi b?2HHb X X X X X X X X X X X X X X X X X X X X X X X X Ry
RX9 h`BTH2 HT? 7mbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
RX8 ai2HH` +Q`2 2pQHmiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk
RXe >2HBmK 6Hb? X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9
RXd :" i`+F X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9
RX3 :" +Q`2 Kbb 2pQHmiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rd
RXN 6`Qbiv G2Q X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kd
RXRy q2bi#`QQF L2#mH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kd
kXR a?Q+F qp2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kN
kXk q2bi#`QQF L2#mH rBM/b b+?2KiB+ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9y
kXj q2bi#`QQF L2#mH H2 MmK#2` /2MbBiv X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
kX9 aPG1  .lSG1s X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9j
kX8 a1. X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99
kXe :H+iB+ /Bbi`B#miBQM Q7 TSLb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9N
kXd >BbiQ;`K Q7 :H+iB+ TSL /Bbi`B#miBQM X X X X X X X X X X X X X X X X X X X X X X X X X X 8y
jXR AMx2mb +QM};m`iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8d
jXk w1la@j. ~Qr +?`i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 83
jXj aT?2`B+H Qmi~Qr X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8N
9XR C@ivT2 #Qr b?Q+F X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X eN
9Xk 1M2`;v H2p2H /B;`K 7Q` H2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dR
9Xj 1H2+i`QMB+ TQi2MiBHb Q7 H2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dj
9X9 JQH2+mH` +QQHBM; 7mM+iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d8
9X8 JQH2+mH` 2KBbbBQM `i2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dN
9Xe iQKB+ 2KBbbBQM `i2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y
Bt
8XR *Sl iBK2 pb :`B/ bBx2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 38
8Xk JQH2+mH` rBM/fK#B2Mi M/ iQKB+ rBM/fK#B2Mi /2MbBiv /Bbi`B#miBQMb 7Q` k,R 2HHBTiB@
+H rBM/bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3d
8Xj *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 Kbb /2MbBiv T`K2i2`b 7Q`  k,R H2 R9y FK b−1 rBM/
BMiQ H2 K#B2Mi K2/BmK i HQrf?B;? ;`B/ `2bQHmiBQMbX X X X X X X X X X X X X X X X X X X 33
8X9 *QKT`BbQM Q7 bBKmHiBQMb 7Q`  mMB7Q`K `/BH rBM/ M/  /2MbBiv@+Q``m;i2/ rBM/X X Ny
8X8 *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 i?2 KQH2+mH` 7`+iBQM Q7 k,R Qmi~Qrb 7`QK  rBM/ rBi?
tBH bT22/ Q7 3y FK b−1X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nk
8Xe *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 i?2 KQH2+mH` 7`+iBQM Q7 k,R Qmi~Qrb 7`QK  rBM/ rBi?
tBH bT22/ Q7 R9y FK b−1X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nj
8Xd *`Qbb@b2+iBQMH /Bbi`B#miBQM Q7 i?2 KQH2+mH` 7`+iBQM Q7 k,R Qmi~Qrb 7`QK  rBM/ rBi?
tBH bT22/ Q7 kyy FK b−1X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N9
8X3 *Q``2bTQM/BM; +`Qbb@b2+iBQMH /Bbi`B#miBQM Q7 KQH2+mH` 7`+iBQM T`Q/m+2/ #v 9,R H2
rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX X X X X X X X X X X X X X X X X X X X X X X X N8
8XN *Q``2bTQM/BM; +`Qbb@b2+iBQMH /Bbi`B#miBQM Q7 KQH2+mH` 7`+iBQM T`Q/m+2/ #v 9,R H2
rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX X X X X X X X X X X X X X X X X X X X X X X X Ne
8XRy *Q``2bTQM/BM; +`Qbb@b2+iBQMH /Bbi`B#miBQM Q7 KQH2+mH` 7`+iBQM T`Q/m+2/ #v 9,R H rBM/
BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX X X X X X X X X X X X X X X X X X X X X X X X X X X Nd
8XRR h?2 2pQHmiBQM Q7 i?2 iQiH KQH2+mH` 7`+iBQM T`Q/m+2/ #v  bT?2`B+H rBM/ rBi? JR-
Jk M/ Jj Qmi~Qrb- i i?2 i?`22 BM/B+i2/ rBM/ bT22/bX X X X X X X X X X X X X X X X X N3
8XRk h?2 2pQHmiBQM Q7 i?2 iQiH KQH2+mH` 7`+iBQM T`Q/m+2/ #v  9,R rBM/ rBi? JR- Jk M/
Jj Qmi~Qrb- i i?2 i?`22 BM/B+i2/ rBM/ bT22/bX X X X X X X X X X X X X X X X X X X X X X NN
8XRj RĜ. .2MbBiv- S`2bbm`2  .2MbBiv THQib X X X X X X X X X X X X X X X X X X X X X X X X X X X RyR
8XR9 RĜ. o2HQ+Biv THQib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RyR
8XR8 *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 T`2bbm`2 T`Q/m+2/ #v k,R Qmi~Qrb rBi? tBH bT22/ Q7
R9y FK b−1X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9
8XRe *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv T`Q/m+2/ #v k,R Qmi~Qrb rBi? tBH bT22/ Q7
R9y FK b−1X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry8
8XRd GQ;`Bi?KB+ i2KT2`im`2 KTb Q7 R9y FK b−1 k,R rBM/bX X X X X X X X X X X X X X X X X X Rye
8XR3 .2iBH 7`QK i?2 b+H2/ HQ;`Bi?KB+ i2KT2`im`2 KTb Q7 R9y FK b−1 k,R Tm`2 KQH2+mH`
M/ iQKB+ KQ/2HbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryd
8XRN o`BiBQM Q7 T`2bbm`2 /Bbi`B#miBQMb 7Q` i?`22 tBH rBM/ bT22/b BM  +QHHBKi2/ 9,R H2
rBM/ KQ/2H BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX X X X X X X X X X X X X X X X X X X X Ry3
t
eXR >2 HBM2 2KBbbBQM KTb 7Q`  KQH2+mH` k,R rBM/ BKT+iBM;  KQH2+mH` K2/BmKX X X X X RR9
eXk >2 HBM2 2KBbbBQM KTb 7Q`  KQH2+mH` k,R rBM/ BKT+iBM; iQKB+ K2/BmKX X X X X X X X RR8
eXj >2 HBM2 2KBbbBQM KTb 7Q` iQKB+ k,R rBM/ BKT+iBM;  KQH2+mH` K2/BmKX X X X X X X X RRe
eX9 aBKmHi2/ >2 2KBbbBQM 7`QK i?2 1→ 0 S(1) HBM2 Q7 9,R 2HHBTiB+H rBM/b i 60◦ iQ i?2
THM2 Q7 i?2 bFvX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRd
eX8 aBKmHi2/ >2 2KBbbBQM 7`QK i?2 2→ 1 S(1) HBM2 Q7 9,R 2HHBTiB+H rBM/b i 60◦ iQ i?2
THM2 Q7 i?2 bFvX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR3
eXe aBKmHi2/ >2 `iBQ KTTBM; 7`QK i?2 2→ 1 S(1)/1→ 0 S(1) HBM2 `iBQ Q7 9,R 2HHBTiB+H
rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFvX X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRN
eXd 1→ 0 S(1) 2KBbbBQM b  7mM+iBQM Q7 rBM/@K#B2Mi ivT2 X X X X X X X X X X X X X X X X X Rky
eX3 >2 ~mQ`2b+2M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RkR
eXN h?2 2pQHmiBQM Q7 i?2 BMi2;`i2/ 2KBbbBQM BM i?2 BM/B+i2/ E@#M/ pB#`iBQMH i`MbBiBQMb
T`Q/m+2/ #v R,R JR- Jk M/ Jj Qmi~Qrb 7Q` i?2 i?`22 tBH rBM/ p2HQ+BiB2bX X X X X X Rkk
eXRy h?2 2pQHmiBQM Q7 i?2 BMi2;`i2/ 2KBbbBQM BM i?2 BM/B+i2/ E@#M/ pB#`iBQMH i`MbBiBQMb
T`Q/m+2/ #v k,R JR- Jk M/ Jj Qmi~Qrb 7Q` i?2 i?`22 tBH rBM/ p2HQ+BiB2bX X X X X X Rkj
eXRR h?2 2pQHmiBQM Q7 i?2 BMi2;`i2/ 2KBbbBQM BM i?2 BM/B+i2/ E@#M/ pB#`iBQMH i`MbBiBQMb
T`Q/m+2/ #v 9,R JR- Jk M/ Jj Qmi~Qrb 7Q` i?2 i?`22 tBH rBM/ p2HQ+BiB2bX X X X X X Rk9
eXRk 2→ 1/1→ 0 S(1) i`MbBiBQMb 2KBii2/ #v R,R Qmi~Qrb X X X X X X X X X X X X X X X X X X X Rk8
eXRj 2→ 1/1→ 0 S(1) i`MbBiBQMb 2KBii2/ #v k,R Qmi~Qrb X X X X X X X X X X X X X X X X X X X Rke
eXR9 2→ 1/1→ 0 S(1) i`MbBiBQMb 2KBii2/ #v 9,R Qmi~Qrb X X X X X X X X X X X X X X X X X X X Rkd
eXR8 PTiB+H HBM2 2KBbbBQM KTb 7Q`  KQH2+mH` rBM/ BKT+iBM; iQKB+ K2/BmKX JQ/2H Jk,
rBi?  k,R Vw ∼ 140 km s−1 rBM/ BM i?2 THM2 Q7 i?2 bFv X X X X X X X X X X X X X X X X X Rjy
eXRe PTiB+H HBM2 2KBbbBQM KTb 7Q` iQKB+ rBM/ BKT+iBM; KQH2+mH` K2/BmKX JQ/2H Jj,
rBi?  k,R Vw ∼ 140 km s−1 rBM/ BM i?2 THM2 Q7 i?2 bFvX X X X X X X X X X X X X X X X X X RjR
eXRd PTiB+H HBM2 2KBbbBQM KTb 7Q` iQKB+ rBM/ BKT+iBM; iQKB+ K2/BmKX JQ/2H J9, rBi?
 k,R Vw ∼ 140 kms−1 rBM/ BM i?2 THM2 Q7 i?2 bFvX X X X X X X X X X X X X X X X X X X X X Rjk
eXR3 [OI] 6300λ B`;HQr HBM2 ~mt #v 9,R Qmi~Qrb X X X X X X X X X X X X X X X X X X X X X X X X X Rjj
eXRN [Hα] 6563λ HBM2 ~mt #v 9,R Qmi~Qrb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj9
eXky [SiII] 6716λ HBM2 ~mt #v 9,R Qmi~Qrb X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj8
eXkR 1.64µm[FeII] HBM2 ~mt #v 9,R Qmi~Qrb X X X X X X X X X X X X X X X X X X X X X X X X X X X Rje
eXkk PTiB+H [OI] ~mt p`BiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjd
eXkj PTiB+H [Hα] ~mt p`BiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj3
eXk9 PTiB+H [SiII] ~mt p`BiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
tB
eXk8 PTiB+H [FeII] ~mt p`BiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9y
eXke SHM2 Q7 i?2 bFv S@o /B;`Kb Q7 >2 RĜy aURV 2KBbbBQM #v k,R Qmi~Qrb X X X X X X X X X R9k
eXkd SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 JR >2 RĜy aURV 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/
rBi? i?2 HQM; tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFvX X X X X X X X X X X X R9j
eXk3 SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 Jj >2 RĜy aURV 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/
rBi? i?2 HQM; tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFvX X X X X X X X X X X X R99
eXkN GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM >2 RĜy aURV 2KBbbBQM 7`QK k,R 2HHBTiB+HVw = 140 km s−1
rBM/ rBi? i?2 bvKK2i`v tBb i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX X X X X X X X X X X X R99
eXjy >2 RĜy aURV HBM2 T`Q}H2b #v R,R 2HHBTiB+H rBM/ X X X X X X X X X X X X X X X X X X X X X X X R98
eXjR >2 RĜy aURV HBM2 T`Q}H2b #v 9,R 2HHBTiB+H rBM/ X X X X X X X X X X X X X X X X X X X X X X X R98
eXjk SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 >α 6563λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi?
i?2 HQM; tBb BM i?2 THM2 Q7 i?2 bFvX X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9N
eXjj S@o /B;`Kb 7Q` Hα HBM2 i α = 30◦, 60◦ #v Jk k,R rBM/ X X X X X X X X X X X X X X X X R8y
eXj9 S@o /B;`Kb 7Q` Hα HBM2 i α = 30◦, 60◦ #v Jj k,R rBM/ X X X X X X X X X X X X X X X X R8R
eXj8 S@o /B;`Kb 7Q` Hα HBM2 i α = 30◦, 60◦ #v J9 k,R rBM/ X X X X X X X X X X X X X X X X R8k
eXje SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [O I] 6300λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi?
i?2 HQM; tBb BM i?2 THM2 Q7 i?2 bFvX X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8j
eXjd S@o /B;`Kb 7Q` [O I] 6300λ HBM2 i α = 30◦, 60◦ #v Jk k,R rBM/ X X X X X X X X X X X X R89
eXj3 S@o /B;`Kb 7Q` [O I] 6300λ HBM2 i α = 30◦, 60◦ #v Jj k,R rBM/ X X X X X X X X X X X X R88
eXjN S@o /B;`Kb 7Q` [O I] 6300λ HBM2 i α = 30◦, 60◦ #v J9 k,R rBM/ X X X X X X X X X X X X R8e
eX9y SHM2 Q7 i?2 bFv S@o /B;`Kb Q7 [SII] 2KBbbBQM #v k,R Qmi~Qrb X X X X X X X X X X X X X R8d
eX9R S@o /B;`Kb 7Q` [Si II] 6716λ HBM2 i α = 30◦, 60◦ #v Jk k,R rBM/ X X X X X X X X X X X R83
eX9k S@o /B;`Kb 7Q` [Si II] 6716λ HBM2 i α = 30◦, 60◦ #v Jj k,R rBM/ X X X X X X X X X X X R8N
eX9j S@o /B;`Kb 7Q` [Si II] 6716λ HBM2 i α = 30◦, 60◦ #v J9 k,R rBM/ X X X X X X X X X X X Rey
eX99 SHM2 Q7 i?2 bFv S@o /B;`Kb Q7 [Fe II] 1.64µm 2KBbbBQM #v k,R Qmi~Qrb X X X X X X X X ReR
eX98 S@o /B;`Kb 7Q` [Fe II] 1.64µm HBM2 i α = 30◦, 60◦ #v Jk k,R rBM/ X X X X X X X X X X Rek
eX9e S@o /B;`Kb 7Q` [Fe II] 1.64µm HBM2 i α = 30◦, 60◦ #v Jj k,R rBM/ X X X X X X X X X X Rej
eX9d S@o /B;`Kb 7Q` [Fe II] 1.64µm HBM2 i α = 30◦, 60◦ #v J9 k,R rBM/ X X X X X X X X X X Re9
eX93 [Hα] HBM2 T`Q}H2b #v k,R 2HHBTiB+H rBM/ X X X X X X X X X X X X X X X X X X X X X X X X X X X Re9
eX9N [Hα] HBM2 T`Q}H2b #v R,R bT?2`B+H rBM/ X X X X X X X X X X X X X X X X X X X X X X X X X X X Re8
eX8y [Hα] HBM2 T`Q}H2b #v 9,R 2HHBTiB+H rBM/ X X X X X X X X X X X X X X X X X X X X X X X X X X X Re8
eX8R [OI] HBM2 T`Q}H2b #v k,R 2HHBTiB+H rBM/ X X X X X X X X X X X X X X X X X X X X X X X X X X X Ree
eX8k [SII] HBM2 T`Q}H2b #v k,R 2HHBTiB+H rBM/ X X X X X X X X X X X X X X X X X X X X X X X X X X X Ree
tBB
eX8j [FeII] HBM2 T`Q}H2b #v k,R 2HHBTiB+H rBM/ X X X X X X X X X X X X X X X X X X X X X X X X X X X Red
3XR *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 9y FK b−1 JR KQH2+mH` rBM/ X X X X X X X X X X X X X RN8
3Xk *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 ey FK b−1 JR KQH2+mH` rBM/ X X X X X X X X X X X X X RNe
3Xj *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 Ryy FK b−1 JR KQH2+mH` rBM/ X X X X X X X X X X X X X RNd
3X9 *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 R9y FK b−1 JR KQH2+mH` rBM/ X X X X X X X X X X X X X RN3
3X8 *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 9y FK b−1 Jj iQKB+ rBM/ X X X X X X X X X X X X X X X RNN
3Xe *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 ey FK b−1 Jj iQKB+ rBM/ X X X X X X X X X X X X X X X kyy
3Xd *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 Ryy FK b−1 Jj iQKB+ rBM/ X X X X X X X X X X X X X X kyR
3X3 *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 R9y FK b−1 Jj iQKB+ rBM/ X X X X X X X X X X X X X X kyk
3XN *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 9y FK b−1 Jk KQH2+mH` rBM/ X X X X X X X X X X X X X kyj
3XRy *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 ey FK b−1 Jk KQH2+mH` rBM/ X X X X X X X X X X X X X ky9
3XRR *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 Ryy FK b−1 Jk KQH2+mH` rBM/ X X X X X X X X X X X X X ky8
3XRk *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 R9y FK b−1 Jk KQH2+mH` rBM/ X X X X X X X X X X X X X kye
tBBB
GBbi Q7 avK#QHb





c aT22/ Q7 aQmM/ (2.998× 108ms−1)
E 1M2`;v
e AMi2`MH 1M2`;v .2MbBiv
F +iBM; 6Q`+2
f JQH2+mH` :`+iBQM
! _2/m+2/ SHM+F *QMbiMi (1.054571× 10−34 J s)
H2 JQH2+mH` >v/`Q;2M
He >2HBmK
L! aQH` GmKBMQbBiv (3.827× 1026W )






pc S`b2+ (3.086× 1016m)
r .BiQKB+ "QM/ G2M;i?
Tc ai2HH` *Q`2 h2KT2`im`2
tcpu *QKTmiiBQMH _mM@hBK2
tlim hBK2b+H2 7Q` SSL Pmi~Qr










µ _2/m+2/ J2M Jbb




:" bvKTiQiQ+ :BMi "`M+?
*1 *2Mi`H ai`
*6q *QHHBKi2/ 6bi qBM/
*LP *`#QM LBi`Q;2M Ptv;2M
*a1 *B`+mKbi2HH` 1Mp2HQT2
*aSL *2Mi`H ai`b Q7 SHM2i`v L2#mH
.lSG1s .mbi@S`QKBM2Mi GQM;Bim/BMHHv 1ti2M/2/
1lo 1ti`2K2 lHi` oBQH2i _/BiBQM
>" >Q`BxQMiH "`M+?
G:" Gi2 bvKTiQiB+ :BMi "`M+?
JG_ Jbb GQbb _i2
Ja JBM a2[m2M+2





_:" _2/ :BMi "`M+?
_a: _2/ amT2`;BMi
a1. aT2+i`H 1M2`;v .Bbi`B#miBQM
aPG1 ai`@P#pBQmb GQr@G2p2H 1HQM;i2/
hS h?2`KH SmHb2




LQpBFQp- A;Q` .X M/ aKBi?- JB+?2H .X LmK2`B+H bBKmHiBQMb Q7 rBM/@/`Bp2M T`QiQTHM2i`v
M2#mH2 @ AX M2`@BM7``2/ 2KBbbBQM
JQMi?Hv LQiB+2b Q7 i?2 _QvH bi`QMQKB+H aQ+B2iv- P+iQ#2` kyR3- oQHmK2 93y- Abbm2 R- TXd8@N8-
.PA, RyXRyNjfKM`bfbivR39k
LQpBFQp- A;Q` .X M/ aKBi?- JB+?2H .X LmK2`B+H bBKmHiBQMb Q7 rBM/@/`Bp2M T`QiQTHM2i`v
M2#mH2 @ AAX bB;Mim`2b Q7 iQKB+ 2KBbbBQM




SQbi@:" ai`b M/ qBM/b
RXR AMi`Q/m+iBQM
S`QiQ@THM2i`v M2#mH2 UTSL2V `2 i`MbB2Mi Q#D2+ib #2ir22M i?2 Hi2 bvKTiQiB+ ;BMi #`M+?
UG:"V T?b2 M/ i?2 THM2i`v M2#mH USLV T?b2 BM i?2 2pQHmiBQM Q7 HQr@iQ BMi2`K2/Bi2@Kbb bi`b
∼ 0.8− 8M! JBb?` 2i HX UkyReVX AM i?2 HB72iBK2 Q7 ∼ 103 v2`b a?B 2i HX UkyRkV- TSL2 i`Mb7Q`Kb
BMiQ SL2 r?2`2 i?2 +2Mi`H bi`b 2pQHp2 iQ ?Qi r?Bi2 /r`7b M/ T?QiQBQMBx2 i?2B` 2Mp2HQT2bX AM i?2
HBi2`im`2- i?2 i2`K T`2THM2i`v UQ` T`QiQ@THM2i`vV M2#mH2 ?b #22M BMi2`+?M;2#Hv mb2/ rBi? i?2
i2`K TQbi@:" Q#D2+ibX
h?Bb i`MbB2Mi bi;2 Bb /2b+`B#2/ #v  b?`T /2+`2b2 BM rBM/ Kbb@HQbb `i2 7`QK ∼ 10−4M! yr−1 i
i?2 2M/ Q7 i?2 bvKTiQiB+ ;BMi #`M+? U:"V- iQ ∼ 10−7M! yr−1 BM i?2 TQbi@:" T?b2- r?B+?
H2/b iQ /2i+?2/ +B`+mKbi2HH` 2Mp2HQT2 U*a1V Q7 ;b M/ /mbi- bHQrHv 2tTM/BM; rv 7`QK i?2 bi`
:H2/?BHH  ui2b UkyyjVX .2bTBi2 i?2 bT?2`B+H ?HQ 7Q`K2/ #v `/BiBp2Hv /`Bp2M rBM/ i T`2pBQmb
:" bi;2- i?2 KQ`T?QHQ;B+H M2#mH` 72im`2b b?Qr bvKK2i`B2b a?B 2i HX UkyydV BM i?2 bi`Ƕb bm`@
`QmM/BM; 2Mp2HQT2 i?`Qm;?Qmi i?2 TQbi@:" M/ 2`Hv SL bi;2b bm+? b #BTQH` M/- Q` KmHiBTQH`
HQ#2bX h?Bb Bb #2HB2p2/ iQ #2  +mb2 Q7 BMD2+iBQM Q7 +QHHBKi2/ 7bi rBM/b Q` D2ib U*6qV /m`BM; i?Bb
`TB/ i`MbB2Mi bi;2 i?i b?Q+Fb M/ b?T2b i?2 bm``QmM/BM; 2Mp2HQT2 Q7 ;b M/ /mbi BM i?2 M2#mHX
hQ b2i i?2 b+2M2 Q7 TQbi@:" bi`b M/ i?2 bm``QmM/BM; +B`+mKbi2HH` 2Mp2HQT2b i?2 bm`p2v Q7 ∼ 50
vQmM; Q#D2+ib i?i ?/ Dmbi #2;mM i?2 i`MbBiBQM iQ i?2 TSL T?b2 H#2H2/ BM HBi2`im`2 b Mb+2Mi
TSL Q` UMTSLV ?b #22M +``B2/ Qmi #v a?B 2i HX UkyydV /2/m+BM;  KQ`T?QHQ;B+H +HbbB}+iBQM
M/ /2`BpiBQM Q7 TQbi@:" M/ :" Kbb@HQbb iBK2@b+H2b HQM; rBi? 2D2+i2/ 2Mp2HQT2 Kbb2b `2@
bmHiBM; BM *a1X h?2 KBM bi`m+im`H +QKTQM2Mib +HbbB}2/ #v i?2 bm`p2v T`2b2Mi BM MTSLb BM Q`/2` Q7
R
k RXRX ALh_P.l*hAPL
KQ`T?QHQ;B+H BKTQ`iM+2 `2 i?2 HQ#2b- i?2 rBbi- M/ i?2 ?HQX h?2 rBbi Bb  /`F Q#b+m`BM; #M/
Q7 QTiB+HHv i?B+F +Q+QQM Q7 /mbi +QM+2Mi`iBQM BM 2[miQ`BH THM2 i?i b2T`i2b i?2 QTiB+HHv i?BM
#BTQH` Q` KmHiBTQH` HQ#2bX h?2b2 HQ#2b `2 HbQ FMQrM b b2`+?HB;?i@#2Kb i?i TT2` iQ 2KMi2
7`QK i?2 +2Mi2` M/ +M #2 b22M BHHmKBMiBM; i?2 Qmi2` :" ?HQX  >m##H2 aT+2 h2H2b+QT2 U>ahV
bm`p2v #v a?B 2i HX UkyydV bm;;2bib i?i i?2 /mbiv rBbi Kv #2 /m2 iQ UBV M QT[m2 /mbi iQ`mb
i?i #HQ+Fb HB;?i i?i `Bb2b Q` Bb b+ii2`2/ 7`QK  +2Mi`H `2;BQM- Q` UBBV  /BbF i?i T`2p2Mib HB;?i 7`QK
i?2 +2Mi`H bi` iQ 2K2`;2 BM /B`2+iBQMb M2` i?2 2[miQ`BH THM2X h?2 HQ#2b `2 7Q`K2/ #v  ?B;?Hv
+QHHBKi2/ 7bi rBM/ Q7 /2#i2/ Q`B;BM i?i +`p2b Qmi  +pBiv BM i?2 T`2pBQmbHv 2D2+i2/ :" ?HQ
/2TQbBi2/ #v bHQr- /2Mb2- bT?2`B+HHv bvKK2i`B+H- `/BiBp2Hv /`Bp2M Qmi~QrX Lb+2Mi TSLb ?p2 
T`QKBM2Mi ?2pBHv `2//2M2/ T?QiQbT?2`2 BM i?2 M2` BM7``2/ `2;BQM bm;;2biBM;  ;`/mH /BbT2`bBQM
Q7 i?2 +B`+mKbi2HH` 2Mp2HQT2 2M#HBM; i?2 HB;?i 7`QK i?2 T?QiQbT?2`2 iQ 2K2`;2X  KQ`2 2pQHp2/
TSL ;2M2`i2b TT`QtBKi2Hv 2[mH KQmMi Q7 ~mt 7`QK i?2 +B`+mKbi2HH` /mbi M/ i?2 T?QiQbT?2`2
J2MM2bbB2`  PKQMi URNNyVX AM i?Bb M2#mH` b2i mT- i?2 7bi- +QHHBKi2/ TQbi@:" rBM/ 2pQHp2b rBi?
p2HQ+BiB2b Q7 b2p2`H 100 FK b−1 2KMiBM; 7`QK i?2 bi2HH` +Q`2 "mD``#H 2i HX UkyyRVX h?2 +mb2
Q7 i?2 /`BpBM; K2+?MBbK Q7 *6q Bb mM+H2` M/ Bb /Bb+mbb2/ BM b2+iBQM kX9X h?2 BMi2`+iBQM Q7 *6q
rBi? i?2 /2Mb2 +Q`2 M/ i?2 bm``QmM/BM;- T`2pBQmbHv 2D2+i2/ :" rBM/ ?HQ Bb #2HB2p2/ iQ H2/ iQ
bvKK2i`B2b BM i?2 `2KMMi- `2bmHiBM; BM  pbi ``v Q7 KQ`T?QHQ;B2b T`2b2Mi BM THM2i`v M2#mHbX
.B`2+i 2pB/2M+2 7`QK ?B;? M;mH` `2bQHmiBQM `/BQ Q#b2`piBQMb 7Q` *6qb /m`BM; i?2 T`2@SL T?b2 ?b
+QK2 7`QK b2MbBiBp2 KQH2+mH`@HBM2 Q#b2`piBQMb r?B+? `2p2H i?2 T`2b2M+2 Q7 p2`v 7bi U72r 100 FK b−1V
KQH2+mH` Qmi~Qrb BM TSLb *2`MB+?`Q 2i HX URN3NV M/  72r p2`v Hi2 :" bi`b- rBi? ?m;2 KQ@
K2MimK 2t+2bb2b b?QrBM; i?i i?2b2 rBM/b +MMQi #2 `/BiBp2Hv /`Bp2M U2X;X- "mD``#H 2i HX kyyRc
a?B 2i HX kyyeVX h?2 +QHHBKi2/ 7bi rBM/ Bb HBF2Hv iQ #2 2TBbQ/B+- M/ 2Bi?2` +?M;2 BiǶb /B`2+iBQMH@
Biv UBX2X- rQ##HBM; Q7 tBb Q` T`2+2bbBQMV Q` ?p2 KmHiBTH2 +QKTQM2Mib QT2`iBM; BM /Bz2`2Mi /B`2+iBQMb
U[mbBVbBKmHiM2QmbHv a?B 2i HX UkyRRVX  ;QQ/ 2tKTH2 Q7 i?2 #Qp2 p`BiBQMb Bb /2b+`B#2/ BM 
?v/`Q/vMKB+H M/ 2KBbbBQM KQ/2H Q7 r2HH FMQrM M/ bim/B2/ vQmM; M2#mH *_G eR3X h?Bb Q#D2+i
?b #22M MmK2`B+HHv BMp2biB;i2/ BM  TT2` #v G22 2i HX UkyyNV /2b+`B#BM; j. ?v/`Q/vMKB+H bBKm@
HiBQMb }ii2/ rBi? +QQHBM; 7mM+iBQMb #v amiiM2` 2i HX URNNdV +QmTH2/ iQ;2i?2` rBi? KQH2+mH` +?2KBbi`v
#v aKBi?  _Qb2M UkyyjV i?i +H+mHi2b i?2 7`+iBQM Q7 KQH2+mH` ?v/`Q;2M M/ iQKB+ ?v/`Q;2M iQ
T`Q/m+2 BMi2MbBiv KTb 7Q` +QKT`BbQM rBi? Q#b2`piBQMbX AM i?2B` KQ/2Hb- i?2 ivTB+H p2HQ+BiB2b M/
Kbb Qmi~Qr `i2b 7Q` i?2 +QQH 10 E bHQr 10 ∼ 20 FK b−1 KQH2+mH` :" rBM/ M/ 7bi KQH2+mH`
∼ 103 FK b−1 *6q `2 bbmK2/ iQ #2 ∼ 10−5M! yr−1 M/ ∼ 10−7M! yr−1 `2bT2+iBp2Hv- bBKBH` iQ
Q#b2`piBQMH pHm2b Q7 i?2 QTiB+H HBM2b M/ *P Qmi~Qrb #v _B2` 2i HX UkyR9VX
j RXkX h>1aAa Po1_oA1q
RXk h?2bBb Pp2`pB2r
h?2 `2b2`+? BM i?Bb rQ`F /2p2HQTb  KQ`T?QHQ;B+H Mb+2Mi TSL KQ/2H #b2/ QM i?2 Q#b2`piBQMH
bm`p2vb #v a?B 2i HX UkyydV rBi? ?v/`Q/vMKB+H rBM/ T`K2i2`b #b2/ QM *_G eR3 BM G22 2i HX
UkyyNVX h?2 `2bmHiMi KQ/2H 72im`2b  +QHHBKi2/ 7bi rBM/ BMD2+i2/ BMiQ i?2 MTSL 2MpB`QMK2Mi
bm``QmM/2/ #v i?2 :" ?HQ BM Q`/2` iQ mM/2`;Q M 2`HvfHi2 2tTMbBQM b?Q+F T?b2 /m2 iQ /2MbBiv
;`/B2Mi Q7 rBM/fK#B2Mi BMi2`7+2X //BiBQMH KQH2+mH` +QQHBM;- iQKB+ `2+QK#BMiBQM i2`Kb M/
KQH2+mH` +?2KBbi`v #v aKBi?  _Qb2M UkyyjV Bb BM+Hm/2/ iQ +`2i2 b?Q+F@BM/m+2/ 2KBbbBQM BM i?2
QTiB+H M/ M2`@BM7``2/ T`i Q7 i?2 bT2+i`mK HQM; rBi? TQbBiBQM@p2HQ+Biv USoV /B;`Kb 7Q` +QK@
T`BbQM rBi? TSL Q#b2`piBQMbX h?2 T`BK`v BK Q7 i?Bb i?2bBb Bb iQ BMp2biB;i2 i?2 BMi2`+iBQM Q7 i?2
iQKB+fKQH2+mH` K2/BmK rBi? vQmM; TSL bi2HH` rBM/ KQ/2Hb iQ mM/2`biM/ i?2 i`MbBiBQM Q7 H2
KQH2+mH2b 7`QK i?2 +QH/ :" 2Mp2HQT2 T?b2 iQ bm#b2[m2Mi KQH2+mH` T`2b2M+2 BM ?Qi- BQMBb2/ SL2
K2/BmKX
h?2 i?2bBb #2;BMb rBi? i?2 BMi`Q/m+iBQM iQ /Bz2`2Mi ivT2b Q7 bi2HH` rBM/b M/ Bb 7QHHQr2/ #v  /2@
b+`BTiBQM Q7 i?2 bi`Ƕb 2pQHmiBQM`v i`+F bi`iBM; rBi? KBM b2[m2M+2 UJaV bi;2 mT iQ M/ /m`BM;
TQbi@:" BM +?Ti2` RX h?Bb b2+iBQM Q7 i?2bBb ?B;?HB;?ib i?2 F2v 72im`2b Q7 TSL 2MpB`QMK2Mi M/
2bi#HBb?2b KBM ;QHb iQ #2 Mbr2`2/ #v ;2M2`iBM; ?B;?@`2bQHmiBQM ?v/`Q/vMKB+H KQ/2Hb M/ bm#@
b2[m2Mi M2`@BM7``2/  QTiB+H bvMi?2iB+ KTb mb2/ 7Q` /2iBH2/ MHvbBb Q7 FBM2KiB+ M/ +?2KB+H
2pQHmiBQMX *?Ti2` k Bb /2/B+i2/ iQ i?2Q`v Q7 b?Q+F@2t+Bi2/ 2KBbbBQM i?i 2tTHBMb i?2 Q`B;BM Q7 M2`@
BM7``2/ C@b?Q+F 2KBbbBQM T`2b2Mi BM SSL 2MpB`QMK2Mi- 7QHHQr2/ #v ;2M2`HBb2/ BMi2`+iBM; bi2HH`
rBM/b KQ/2H U:AaqV i?i ?B;?HB;?ib i?2 M22/ 7Q` MQM@`/BiBp2Hv /`Bp2M rBM/ HmM+?BM; K2+?MBbK
`2[mB`2/ iQ /`Bp2 i?2 +QHHBKi2/ 7bi SSL rBM/X h?Bb +?Ti2` HbQ 7Q+mb2b QM `2+2MiHv T`QTQb2/
i?2Q`2iB+H rBM/ /`Bp2`b b r2HH b Q#b2`piBQMH SSL biiBbiB+b BM+Hm/BM; KQ`T?QHQ;v M/ ;H+iB+
/Bbi`B#miBQMX *?Ti2` j /2}M2b KBM K+`Qb+QTB+ +QKTmiiBQMH T`K2i2`b M/ +Q/2 +QM};m`iBQM
Q7 k. tBbvKK2i`B+ +QKTmiiBQMH ;`B/ b2i mT BM w1la +Q/2X *?Ti2` 9 /2b+`B#2b E@#M/ M/ QTiB+H
BMi2;`iBQM `QmiBM2b BKTH2K2Mi2/ BM w1laX h?2 7QHHQrBM; +?Ti2`b 8 M/ e T`2b2Mib ?v/`Q/vMKB+H
M/ HBM2 2KBbbBQM `2bmHib `2bT2+iBp2Hv- +QM/m+i2/ rBi? MmK2`B+H bBKmHiBQMb Q7 rBM/@/`Bp2M T`QiQ@
SHM2i`v M2#mHX h?2 bvMi?2iB+ KTb `2 ;2M2`i2/ mbBM; +vHBM/`B+H bvKK2i`v rBi? HBM2 Q7 bB;?i
b  mb2` p`B#H2 2M#HBM; `2bmHib 2pHmiBQM BM j.X h?2 M2ti +?Ti2` d- Bb /2/B+i2/ iQ /Bb+mbbBQM
Q7 `2bmHib rBi? +QKT`BbQM iQ Qi?2` MmK2`B+H SSL bim/B2b M/ Q#b2`piBQMH bm`p2vb- 7QHHQr2/ #v
+?Ti2` 3- r?2`2 KBM +QM+HmbBQMb `2 /2`Bp2/ M/ 7mim`2 TQi2MiBH rQ`F Bb /Bb+mbb2/X
AM Qm` `2bmHib r2 }M/ i?i i?2 KQH2+mH` BMi2`+iBM; b?2HH `2;BQM 7`;K2Mib BMiQ  KmHiBim/2 Q7 +QK2i`v
FMQi@b?T2/ U*EV T`Qi`mbBQMb rBi? r2F b?Q+Fb b i?2 KBM bQm`+2 Q7 H2 ;b 2t+BiiBQM /2bTBi2 i?2
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7bi bT22/ Q7 /pM+2 80 ∼ 200 km s−1 Q7 10−4M! yr−1 Kbb Qmi~Qr Q`B;BMi2/ 7`QK ∼ 105 cm−3 rBM/
/2MbBiB2bX h?Bb Bb  TQbbB#H2 2tTHMiBQM Q7 ?Qr HQr 2t+BiiBQM KQH2+mH` ?v/`Q;2M Bb 7QmM/ iQr`/b
i?2 7`QMi Q7 2HHBTiB+H TSL M/ SLX q2 }M/ i?i i?2 iQKB+ H rBM/@K#B2Mi bBKmHiBQM H2/b iQ
+QMbB/2`#Hv ?B;?2` ;b 2t+BiiBQM- bi`QM;2` T2F M/ BMi2;`i2/ iQKB+ 2KBbbBQM b i?2 TSL 2tTM/bX
6m`i?2` rv 7`QK i?2 bi`- ~Qr BMbi#BHBiB2b U2X;X _vH2B;?@hvHQ`V ?p2 iBK2 iQ 7`;K2Mi i?2 Qmir`/
KQpBM; `+b M/ b?2HHb iQ T`Q/m+2 MmK2`Qmb bKHH@b+H2 +HQm/@HBF2 bm#@bi`m+im`2bX h?2 r2F2` 2KBbbBQM
r?2M QM2 +QKTQM2Mi Bb KQH2+mH` U2Bi?2` rBM/ Q` K#B2MiV Bb /m2 iQ i?2 b?2HH 7`;K2MiiBQM BMiQ
+QK2i`v FMQib U*EbV BM+`2b2/ b?Q+F bm`7+2 `2 rBi? Q#HB[m2 b?Q+Fb T`2pH2M+2X q2 HbQ +QM+Hm/2
i?i i?2 mMbi#H2 BMi2`7+2 +M #2 T`Q/m+2/- MQi QMHv #v rBM/@rBM/ KQ/2Hb- #mi HbQ #v rBM/@mMB7Q`K
AaJ BMi2`+iBQM rBi? 7Q`KiBQM Q7 KQH2+mH` +HmKTb M/ }HK2MibX
RXj >BbiQ`v M/ hvT2b Q7 ai2HH` Jbb GQbb
h?Bb b2+iBQM bi`ib Qz rBi? /`BpBM; T?vbB+b M/ ?BbiQ`v Q7 /Bb+Qp2`v Q7 /Bz2`2Mi ivT2b Q7 bi2HH` Kbb HQbb
/m2 iQ rBM/ 2D2+iBQMX am#b2[m2MiHv- i?Bb BMi`Q/m+iBQM ;`/mHHv H2/b iQ i?2 /2b+`BTiBQM Q7 BMi2`+iBM;
rBM/b b?TBM; i?2 `2bmHiMi T`QiQ@SM2i`v M2#mH- r?2`2  +QHHBKi2/ 7bi rBM/ U*6qV ∼ 100 kms−1
+i+?2b mT rBi? bHQrHv +QbiBM; ∼ 10 kms−1 rBM/ 2D2+i2/ /m`BM; i?2 T`2pBQmb :" Kbb HQbb 2TQ+?
ErQF URN3kVX h?2 +?`+i2`BbiB+b i?i /2}M2 TSL KQ`T?QHQ;v M/ FBM2KiB+b `2 #`B2~v /Bb+mbb2/ BM
i?Bb b2+iBQM M/ `272``2/ iQ Hi2` +?Ti2`b i?i 2tTHBM i?2b2 72im`2b BM KQ`2 /2iBHX
RXjXR ai2HH` Pmi~Qr .`BpBM; J2+?MBbKb
 bi2HH` rBM/ +QMbBbib Q7 T`iB+H2b 2KBii2/ 7`QK i?2 bi2HH` iKQbT?2`2 rBi?  bm{+B2MiHv H`;2 p2HQ+Biv
vgo iQ 2b+T2 i?2 bi`Ƕb ;`pBiiBQMH ii`+iBQMX
vgo = (2GM∗/R∗)1/2 = 620 kms−1(M∗/M!)1/2(R∗/R!)−1/2 URXRV
AM Q`/2` iQ Qp2`+QK2 i?2 bi`Ƕb ;`pBiiBQMH TmHH-  7Q`K Q7 rBM/@/`BpBM;- MQM@;`pBiiBQMH 7Q`+2 Kmbi
#2 T`2b2MiX h?2 Q`B;BM Q7 i?Bb /`BpBM; 7Q`+2 p`B2b rBi? i?2 T?vbB+H Mim`2 Q7 i?2 rBM/X Ai +M #2 /`Bp2M
#v ;b T`2bbm`2- `/BiBQM T`2bbm`2 Q` K;M2iB+ T`2bbm`2- Q`  +QK#BMiBQM Q7 i?2 #Qp2X P#b2`p2/
bi2HH` rBM/b bm#D2+i2/ iQ i?Qb2 7Q`+2b `2 +i2;Q`Bb2/ BMiQ 7Qm` ivT2b,
hvT2 RX qBM/b 7`QK KBM@b2[m2M+2 bi`bX h?2 Kbb HQbb `i2 Q7 i?2 amM Bb 2× 10−14M!yr−1X h?Bb
ivT2 Q7 rBM/ Bb ?`/ iQ Q#b2`p2 rBi? bT2+i`Qb+QTB+ i2+?MB[m2b /m2 iQ Bib ?B;? i2KT2`im`2 M/ BQMBbiBQM
bii2X qBM/b 7`QK bQH`@ivT2 bi`b `2 i?Qm;?i iQ #2 /`Bp2M #v ;b T`2bbm`2 ;`/B2Mib BM i?2 +Q`QMX
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h?2 bQH` rBM/ +M #2 #`QF2M /QrM BMiQ irQ +QKTQM2Mib, bHQr 400 kms−1 rBM/ 2KMiBM; 7`QK i?2
2/;2b Q7 +Q`QMH ?QH2b M/ `2;BQMb #Qp2 +HQb2/ }2H/ HBM2b r?2`2b 7bi 760 kms−1 rBM/ Q`B;BMi2b 7`QK
+Q`QMH ?QH2b CQ?MbiQM2 2i HX UkyR8VX
hvT2 kX qBM/b 7`QK ?Qi- HmKBMQmb bi`bX am+? b *2Mi`H ai`b Q7 SHM2i`v L2#mH U*aSLV rBi?
Teff > 15, 000 E M/ L > 3, 000L! M/ Kbb HQbb `i2 i?i /2+`2b2b BM iBK2 7`QK 10−7 iQ 10−9M!yr−1
i i?2 bK2 iBK2- i?2 7bi rBM/ BM+`2b2b BM bT22/ 7`QK kyy iQ kyyy kms−1 BM  KMM2` i?i +QMb2`p2b
rBM/ `K T`2bbm`2 >m`i2@1bTBMQb 2i HX UkyRkVX h?2B` rBM/b `2 p2`v 7bi- rBi? u∞ & vgo /`Bp2M
#v `/BiBQM T`2bbm`2X qQH7@_v2i bi`b HbQ 7HH BMiQ i?Bb +i2;Q`vX q_ bi`b `2 ?Qi- HmKBMQmb
bi`b rBi? 2ti2M/2/ 2Mp2HQT2b M/ Kbb HQbb `i2b Q7 10−5M!yr−1 M/ rBM/ i2`KBMH p2HQ+BiB2b Q7
u∞ ∼ 2500 kms−1 `2 KQM; i?2 H`;2bi Q#b2`p2/ 7Q` Mv ivT2 Q7 bi` _v/2M UkyReVX
hvT2 jX qBM/b 7`QK +QQH- HmKBMQmb bi`bX ai`b rBi? Teff < 6, 000 E M/ L > 100L! ?p2  ?B;?
Kbb HQbb `i2 `M;2 Q7 10−8 ∼ 10−5M!yr−1X qBM/ p2HQ+Biv Bb p2`v HQr 10 ∼ 20 kms−1 r?B+? Bb #2HQr
i?2 2b+T2 p2HQ+Biv Q7 i?2 bi2HH` bm`7+2 u∞ ' vgo >`i[mBbi  qBHHBKb URNN3VX h?2 K2+?MBbK i?i
/`Bp2b i?2 rBM/ 7`QK +QQH :" bi`b Bb mM+2`iBM-  H2/BM; +M/B/i2 Bb `/BiBQM T`2bbm`2 QM /mbi
;`BMb- B/2/ #v bi2HH` TmHbiBQMb BM i?2 Qmi2` iKQbT?2`2X ai`b BM i?Bb +i2;Q`v `2 E M/ J ;BMib
M/ bmT2`;BMibX .m`BM; i?Bb T?b2 i?2 bi` +M HQb2 #2ir22M 50 ∼ 70% 7Q`K bi2HH` rBM/ qQQ/ 2i HX
Ukyy9V
hvT2 9X qBM/b 7`QK 2ti`2K2Hv vQmM; bi`bX h hm`B bi`b ?p2 Kbb HQbb `i2b #2ir22M 10−9 ∼
10−7M!yr−1X h?2b2 ivT2 Q7 bi`b ?p2 +B`+mKbi2HH` /BbFb i?i KB;?i `2bmHi 7`QK ++`2iBQMX h?2
bi`2M;i? Q7 i?2 rBM/ Bb +Q``2Hi2/ rBi? /BbF HmKBMQbBiv bm;;2biBM; i?i i?2 Qmi~Qr KB;?i #2 TQr2`2/
#v i?2 ++`2iBQM /BbF _v/2M UkyReVX
h?2 KBM b2[m2M+2 bQH` rBM/ +QMi`bi rBi? i?2 KbbBp2 rBM/b Q7 ?Qi bi`b M/ 2pQHp2/ +QQH bi`b-
r?B+? `2 +QKT`iBp2Hv 2bv iQ /2i2+i bT2+i`Qb+QTB+HHv rBi? +?`+i2`BbiB+ S@*v;MB HBM2 T`Q}H2b i?i
bB;MB7v i?2 T`2b2M+2 Q7 i?2b2 bi`QM; rBM/bX h?2b2 T`Q}H2b +QMbBbi Q7 #Hm2@b?B7i2/ #bQ`TiBQM M/ 
`2/@b?B7i2/ 2KBbbBQM +QKTQM2Mi i?i `2 7Q`K2/ Qp2` i?2 2MiB`2 rBM/ `M;2 M/ T`QpB/2 i?2 Q#b2`p2`b
rBi? /i 7Q` rBM/ i2`KBMH p2HQ+Biv- BQM /2MbBiv M/ Kbb@HQbb `i2bX
RXjXk SQbi@JBM a2[m2M+2 Jbb GQbb >BbiQ`v
h?2 }`bi bm#biMiBH 2pB/2M+2 Q7 Kbb@HQbb 7i2` KBM b2[m2M+2 bi;2 Bb #b2/ QM Q#b2`piBQMb #v
.2mib+? URN8eV Q7 M J@ivT2 ;BMi α >2` M/  :@ivT2 bi` bm``QmM/2/ #v  +B`+mKbi2HH` 2Mp2HQT2
2D2+i2/ #v i?2 J bi` BM i?2 :" T?b2X h?2 +B`+mKbi2HH` #bQ`TiBQM HBM2b b22M BM i?2 bT2+i`mK Q7 i?2
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6B;m`2 RXR,  >2`ixbT`mM;@_mbb2HH /B;`K UHmKBMQbBiv p2`bmb 2z2+iBp2 i2KT2`im`2V b?QrBM; i?2 HQ+iBQM Q7
bi`b rBi? ?B;? `i2b Q7 Kbb HQbb 7`QK bi2HH` rBM/bX
6B;m`2 RXk, h?2 >2`ixbT`mM;@_mbb2HH .B;`K- b?QrBM; i?2 2pQHmiBQM`v i`+F Q7 2M! U`2/ HBM2V +Qp2`BM; i?2
KBM b2[m2M+2 i?`Qm;? i?2 r?Bi2 /r`7 T?b2 >2`rB; Ukyy8VX h?2 MmK#2`b M2ti iQ i?2 bi2Tb +Q``2bTQM/ iQ i?2
iBK2 i?i i?2 bi` Tbb2b i?Bb bi2T- HQ; BM v2`bX b :" bi`b /QKBMi2 i?2 HmKBMQbBiv Q7 i?2 bi` bvbi2Kb Q7
BMi2`K2/Bi2 ;2- i?2v `2 BKTQ`iMi BM bim/B2b Q7 2ti`@;H+iB+ bvbi2KbX
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+QKTMBQM : bi` bm;;2bi `/Bmb Q7 i?2 2Mp2HQT2 Q7 2× 105R! 2tTM/BM; i 20 kms−1 M/ 2biBKi2/
rBM/ Kbb HQbb `i2 Q7 3× 10−8M!yr−1X AM i?2 bim/v Q7 bBKBH` bvbi2Kb iQ .2mib+? URN8eV- i?2
Q#b2`piBQMH /i #v .mT`22  _2BK2`b URN3dV 7`QK bBt #BM`v bvbi2Kb +QMbBbiBM; Q7  `2/ bmT2`;BMi
U_a:V M/ M 2`HB2` ivT2 +QKTMBQM 2M#H2/ iQ /2i2`KBM2 i?2 Kbb Q7 i?2 _a: 7`QK i?2 Q`#BiH
KQiBQM Q7 i?2 irQ bi`bX h?2 `i2 Q7 Kbb HQbb #v GK2`b  *bbBM2HHB URNNNV rb 2biBKi2/ 7`QK i?2
Q#b2`piBQM Q7 HBM2b 7`QK i?2 rBM/ Q7 i?2 +QQH bi` BM #bQ`TiBQM ;BMbi i?2 ?Qi +QKTMBQM bi`X h?2
/i #v .mT`22  _2BK2`b URN3dV HbQ b2`p2/ iQ /2i2`KBM2 M 2KTB`B+H 2[miBQM `2HiBM; Kbb@HQbb
iQ bi2HH` Kbb- HmKBMQbBiv M/ `/Bmb M/ rb 7Q`KmHi2/ #v _2BK2`b URNd8V M/ 2tT`2bb2/ b
M˙ = 4× 10−13ηLM−1R [M! yr−1] URXkV
h?Bb `2HiBQM `M;2b 7`QK 10−8 iQ 10−6 rBi? M,LandR BM bQH` mMBib M/ 1/3 < η < 3 Bb M 2KTB`B+H
+Q``2+iBQM 7+iQ` 7Q` /Bz2`2Mi ivT2b Q7 bi`b rBi? η = 1 7Q` `2/ bmT2`;BMib GK2`b  *bbBM2HHB URNNNVX
h?2 _2BK2`b `2HiBQM bbmK2b i?2 rBM/ 2M2`;v +QK2b 7`QK +QMbiMi #mi Qp2`HH bKHH 7`+iBQM Q7 i?2
2M2`;v QmiTmi Q7  bi` 0.5M˙vesc = 1.3× 10−9ηL BM i?2 7Q`K Q7 TQi2MiBH 2M2`;v bBM+2 M∗/R∗ ∝ v2goX
_2BK2`b `2HiBQM ?b HbQ #22M mb2/ 7Q` :" bi`b- 7Q` r?B+? Bi rb MQi /2`Bp2/X >Qr2p2`- i?2`2 `2
b2p2`H BKTHB+iBQMb r?2M TTHvBM; 2KTB`B+H `2HiBQM BM 1[miBQM RXk iQ i?2 :" T?b2X :" Kbb
HQbb Bb  iBK2@/2T2M/2Mi p`B#H2 rBi? Kbb HQbb `i2b i?i BM+`2b2 HBM2`Hv rBi? i?2 Kbb Q7 i?2 +Q`2X
h?2Q`2iB+H bim/B2b #v U_2MxBMB RN3RV bm;;2bi2/ i?i i?2 i2`KBMiBQM Q7 :" T?b2 Bb 2t2+mi2/ #v
M BM+`2b2 BM Kbb HQbb T?b2 i?2K2/ bmT2`rBM/X .2bTBi2 i?2 BKTHB+iBQMb- _2BK2`Ƕb Hr rb #H2 iQ
T`2/B+i i?2 M22/ 7Q` ++2H2`iBQM T`Q+2bb Q7 Kbb HQbb i i?2 :" i?`Qm;?Qmi r?B+? i?2 bi` 2D2+ib
KQbi Q7 Bib KbbX
RXjXj TSL Pp2`rB2r
h?2 M2ti bi;2 Q7 bi2HH` Kbb HQbb /m2 iQ rBM/ 2D2+iBQM Bb i?2 T`QiQ@SHM2i`v M2#mH UTSLV T?b2X h?2
Qmi~Qr T`2b2Mi BM TSL Bb ?B;?Hv +QHHBKi2/ M/ 7bi +QKT`2/ iQ i?2 T`2pBQmb bT?2`B+HftBbvKK2i`B+
rBM/ BM i?2 :" T?b2 M/ Bi }HHb i?2 ;T b2T`iBM; i?2 `2;BQM BM 6B;m`2 RXR #2ir22M i?2 HQr@bT22/
rBM/b UivT2 jV 7`QK +QQH- HQr ;`pBiv :" bi`b M/ ?B;? bT22/ rBM/b UivT2 kV 7`QK ?Qi bi`b Q7
THM2i`v M2#mH SLX h?2 +2Mi`H bi`fM2#mH BQMBbiBQM 2pQHmiBQM Bb `2T`2b2Mi2/ QM i?2 >2`ixbT`mM;Ĝ
_mbb2HH U>_V /B;`K BM 6B;m`2 RXk r?2`2 i?2 +QHHBKi2/ 7bi rBM/ U*6qV Bb T`2b2Mi BM i?2 TQbi@:"
bi2HH` 2pQHmiBQM`v i`+F #2ir22M i?2 bmT2`rBM/ T?b2 M/ M2#mH BQMBbiBQM #v i?2 +2Mi`H bi` Q7
SL2X h?2 rBM/ 2M;BM2 7Q` +QQH 2pQHp2/ bi`b M/ ?Qi bi`b Q7 SL2 Bb r2HH FMQrM M/ BMp2biB;i2/-
?Qr2p2` /m2 iQ Q#b2`p2/ KQK2MimK 2t+2bb i TSL T?b2 i?i +MMQi #2 /2b+`B#2/ #v `/BiBQM
T`2bbm`2 "mD``#H 2i HX UkyyRV- i?2 /`BpBM; K2+?MBbK 7Q` *6q rBM/ Bb mMFMQrM M/ i?2 T`QTQb2/
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i?2Q`2iB+H KQ/2Hb `2 /Bb+mbb2/ BM b2+iBQM kX9X
.2bTBi2 i?2 mMFMQrM rBM/ Q`B;BM- i?2 KBM `2bmHiBM; TSL 72im`2 Bb 2pB/2Mi M/ T`2b2Mib Bib2H7 BM
i?2 7Q`K Q7 BMi2`+iBQM Q7 +QHHBKi2/ 7bi rBM/ rBi? i?2 T`2pBQmbHv 2D2+i2/ :" ?HQX h?2 `2bmHiBM;
BMi2`+iBQM Q7 bi2HH` rBM/b 7`QK /Bz2`2Mi 2pQHmiBQM`v 2TQ+?b b?Q+Fb M/ b?T2b i?2 `2bmHiBM; +HQm/
H2/BM; iQ tBbvKK2i`B+ HBF2 T`QiQ@SHM2i`v M2#mH2X h?2 KQbi 7KQmb TSL 6:G ke33 UHbQ FMQrM
b *_G ke33V M/ 6:G eR3 r2`2 }`bi /2i2+i2/ BM M BM7``2/ bm`p2v #v L2v 2i HX URNd8V i`+BM;
`2;BQMb Q7 /mbi r`K2/ #v bi`HB;?i ∼ 150KX >Qr2p2`- TQH`BK2i`v TSL bim/v T`2/i2b KB/@BM7``2/
bm`p2vb M/ b2`p2b iQ b2T`i2 i?2 HB;?i b+ii2`2/ #v /mbi BM i?2 2Mp2HQT2 +`2i2/ #v i?2 bmT2`rBM/
M/ i?2 mMTQH`Bb2/ HB;?i 7`QK i?2 +2Mi`H bi`X .m2 iQ b+ii2`BM; Q7 HB;?i #v /mbi M/ i?2 T`2b2M+2
Q7 KQH2+mH` 2MpB`QMK2Mi /2p2HQT2/ i?`Qm;?Qmi T`2pBQmb :" T?b2 i?i Bb MQr bm#D2+i2/ iQ b?Q+Fb
/`Bp2M #v T`2b2Mi +QHHBKi2/ 7bi TSL rBM/- TQH`BK2i`v bim/B2b +QmTH2/ rBi? QTiB+H M/ BM7``2/
#M/b Bb mb2/ 7Q` TSL BMp2biB;iBQMbX
lbBM; i?2 K2i?Q/b /2b+`B#2/ #Qp2- i?2 bK2 M2#mH BMp2biB;i2/ #v L2v Bb Hi2` Q#b2`p2/ #v a?B
2i HX URNN3V mbBM; TQH`BK2i`v +QmTH2/ rBi? H2 M2`@BM7``2/ HBM2 BK;BM; `2bmHib BM /2i2+iBQM Q7 irQ
TB`b Q7 `/BH Ǵb2`+?HB;?i #2KbǴ 2K2`;BM; 7`QK i?2 Q#b+m`2/ bi` BM i?2 +2Mi2` Q7 i?2 M2#mHX AM i?2
bK2 rQ`F- i?2 2→ 1 S(1) 2.12µm E@#M/ 2KBbbBQM HBM2 rb #H2 iQ `2bQHp2 i?2 BMi2`7+2 #2ir22M i?2
?B;? p2HQ+Biv +QHHBKi2/ rBM/ i?i T`Q/m+2b i?2 +pBiB2b BM i?2 /mbiv 2Mp2HQT2 M/ i?2 bm``QmM/BM;
bHQr Qmi~Qr i?i +`2i2b i?2 2ti2M/2/ M2#mHX 6m`i?2` 2ti2M/BM; Qm` FMQrH2/;2 #Qmi TSL2- bm`p2vb
Q7 KmHiBTH2 TSL2 +M/B/i2b mbBM; TQH`BK2i`v bim/B2b +QmTH2/ rBi? ?B;? `2bQHmiBQM QTiB+H BK;BM;
#v >m##H2 aT+2 h2H2b+QT2 U>ahV Q7 ∼ kd bQm`+2b +QM}`K2/ i?i tBbvKK2i`v 7QmM/ BM SL T`2/i2b
i?2 TSL T?b2 bm;;2biBM; i?i i?2 bQm`+2 Q7 tBbvKK2i`v Bb +`2i2/ #v M 2[miQ`BHHv 2M?M+2/
bmT2`rBM/ i i?2 2M/ Q7 :" l2i 2i HX UkyyyVX h?2 bK2 bm`p2v bm;;2bi2/ i?i i?2 2[miQ`BH rBM/
bi`2M;i? #`M+?2b i?2 QTiB+H TSL KQ`T?QHQ;v BMiQ iQ`QB/H M/ +Q`2f2HHBTiB+H- rBi? +Q``2bTQM/BM;
/BbiBM+i bT2+i`H 2M2`;v /Bbi`B#miBQM Ua1.V ivT2 /Bb+mbb2/ BM b2+iBQM kXeX h?2`27Q`2- i?2 KQ`T?QHQ;v
Q7 TSL Bb ?2pBHv /2T2M/2Mi QM i?2 #mM/M+2 Q7 /mbi- r?2`2b /mbi b?2HHb i?2Kb2Hp2b T`2b2`p2 i?2
Kbb HQbb ?BbiQ`v M/ /mbi ;`BM T`QT2`iB2bX TSL /mbi KQ`T?QHQ;B2b b2`p2 b T`BbiBM2 7QbbBH `2+Q`/b
Q7 :" Kbb HQbb T`Q+2bb /m2 iQ MQM@+iBpiBQM Q7 i?2 b?TBM; #v ?Qi SL2 rBM/ r?B+? +iBpi2b i
 Hi2` bi;2 Q7 2pQHmiBQMX h?2 TSL 7QbbBH +B`+mKbi2HH` b?2HHb `2+Q`/ +Q``2bTQM/b /B`2+iHv rBi? iBK2-
2M#HBM; iQ /2i2`KBM2 i?2 QMb2i Q7 /Bz2`2Mi bi;2b Q7 Kbb HQbb M/ i?2 ǳBMBiBH +QM/BiBQMbǴ 7Q` i?2
BMi2`+iBM; TSL rBM/b KQ/2HbX h?Bb rb ++QKTBb?2/ rBi? `/BiBp2 i`Mb72` KQ/2Hb #v J2BtM2`
UkyyyV BHHmbi`i2/ BM 6B;m`2 RXjX h?2 KtBKmK `/Bmb Rmax BM/B+i2b r?2M i?2 bT?2`B+H :" Kbb
HQbb #2;M- 7QHHQr2/ #v RS r?B+? +Q``2bTQM/b iQ r?2M i?2 :" Kbb HQbb #2;M iQ BM+`2b2 BM `i2
N RXjX >AahP_u L. huS1a P6 ah1GG_ Jaa GPaa
M/ /2T`im`2/ 7`QK bT?2`B+H iQ tBHHv bvKK2i`B+H bmT2`rBM/ Qmi~QrX 6BMHHv- i?2 BMM2` `/Bmb Rin
Q7 i?2 Ǵb2`+?HB;?i #2KbǴ- K`Fb r?2M i?2 :" Kbb HQbb b2Bx2/ r?B+? Bb 2[mH iQ i?2 /vMKB+H
;2 i?i ?b Tbb2/ bBM+2 i?2 bi` H27i i?2 :" M/ 2Mi2`2/ i?2 T`QiQ@SHM2i`v T?b2X AM Q`/2`
iQ /Bbb2+i i?2 /Bz2`2Mi T`ib Q7 i?2 +B`+mKbi2HH` 2Mp2HQT2 Q7 TSL-  `M;2 Q7 rp2H2M;i?b Bb mb2/
bi`iBM; rBi? i?2 Qmi2` +QH/2` Hv2`b Q7 *a1 i?i `2 Q#b2`p2/ BM bm#@KK M/ 7`@BM7``2/ UGJ
Q` >2`b+?2H i2H2b+QT2bV- r?BH2 r`K2` Hv2`b Q7 i?2 *a1 `2 Q#b2`p2/ BM i?2 KB/@BM7``2/ 5 ∼ 40µm
UoAaA_fo2`v G`;2 h2H2b+QT2 UoGhVV GvFQm 2i HX UkyR3VX h?2 Hv2`b +HQb2` iQ i?2 bi` BM+Hm/BM; i?2
bi2HH` T?QiQbT?2`2 M/ ?Qi- /mbiv iKQbT?2`2 `2 BMp2biB;i2/ BM i?2 M2`@BM7``2/ `M;2X .m2 iQ
2t+BiiBQM Q7 `Q@pB#`iBQMH KQH2+mH` #QM/b Q7 H2 #v +QHHBKi2/ 7bi rBM/- i?2 Ǵb2`+?HB;?i #2KbǴ
`2 Q#b2`p2/ BM i?2 M2`@BM7``2/ E@#M/ rBM/QrX h?2 QTiB+H 2KBbbBQM BM i?2 HQ#2b Q7 *6q Bb 
`2bmHi Q7 Ƕ+pBiB2bǶ 2t+pi2/ BM i?2 :" ?HQ #v BMi2`+iBQM rBi?  KQ`2 i2MmQmb TQbi@:" rBM/X
b T`2b2Mi2/ #v QTiB+H HQM;@bHBi bT2+i`Qb+QTv M/ BK;BM; #v aM+?2x *QMi`2`b 2i HX UkyykV Q7
r2HH@bim/B2/ M2#mH Q7 *_G eR3 r?B+? Bb i i?2 #QmM/`v #2ir22M TSL M/ vQmM; SL- i?2 QTiB+H
2KBbbBQM `2bmHib 7`QK KMv `2+QK#BMiBQM M/ 7Q`#B//2M HBM2b bm+? b >@HT? M/ (P A)- (62 AA)X
h?2 `2bmHiMi KQH2+mH`fQTiB+H HBM2 2KBbbBQM +mb2/ #v +QHHBKi2/ 7bi rBM/ BMi2`+iBM; rBi? i?2
:" `2KMMifK#B2Mi Bb i?2 KBM iQTB+ Q7 BMp2biB;iBQM Q7 i?Bb rQ`FX h?2 bvMi?2iB+ 2KBbbBQM KTb
`2T`2b2MiBM; HBM2 ~mtf`iBQ b r2HH b HBM2 T`Q}H2b M/ TQbBiBQM@p2HQ+Biv /B;`Kb 2M#H2b mb iQ Mbr2`
 KmHiBim/2 Q7 [m2biBQMb HBbi2/ BM b2+iBQM RXe- b r2HH b bm;;2bi M/ KQiBpi2 b2H2+iBQM +`Bi2`B 7Q` M2r
bm`p2vbX
hQ +H2`Hv /2}M2 i?2 MQK2M+Him`2 #27Q`2 KQpBM; 7Q`r`/ Bi Bb BKTQ`iMi iQ 2bi#HBb? i?2 /Bz2`2M+2
#2ir22M TQbi@:" Q#D2+ib M/ T`QiQ@SHM2i`v M2#mH- /m2 iQ i?2 7+i i?i i?2v `2 MQi i?2 bK2
2Mb2K#H2X q?BH2 HH TSL /2p2HQT BMiQ SL #v /2}MBiBQM- Bi Bb MQi i?2 +b2 7Q` HH TQbi@:"bX 6Q`
BMbiM+2- B7 i?2 2Mp2HQT2 Bb `2KQp2/ #27Q`2 i?2 bi` `2+?2b bm{+B2Mi 2MQm;? i2KT2`im`2b iQ BQMBb2
i?2 M2#mH- i?2 bi` rBHH ;Q i?`Qm;? i?2 TQbi@:" T?b2 #mi rBHH MQi BHHmKBMi2 i?2 MQM@2tBbi2Mi
M2` #v M2#mH` ;bX b M 2tKTH2- /mbiv _o hm`B bi`b `2 TQbi@:" Q#D2+ib bm``QmM/2/ #v
+B`+mKbi2HH` /Bb+ rBi? MQ Ki2`BH QmibB/2 i?2 /BbF rBHH KQbi HBF2Hv MQi 7Q`K  SLX
Ry RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
6B;m`2 RXj, a+?2KiB+ `2T`2b2MiiBQM Q7 /mbi b?2HHb #v J2BtM2` UkyyyV mbBM; `/BiBp2 i`Mb72` KQ/2Hb iQ /2`Bp2
QTiB+H /2Ti?b M/ KQ`T?QHQ;B+H SSL bi`m+im`2bX Rmax Bb i?2 2ti2Mi Q7 +B`+mKbi2HH` :" 2Mp2HQT2- BX2 i?2
bT?2`B+H :" ?HQX Rs Bb i?2 2ti2Mi Q7 tBHHv bvKK2i`B+ bmT2`rBM/X BX2 K`FBM; i?2 2M/ Q7 Hi2@:" T?b2X
Rin Bb i?2 `/BH 2ti2Mi Q7 tBHHv bvKK2i`B+H +QHHBKi2/ 7bi rBM/ i?i 2K2`;2b BM i?2 TQH` /B`2+iBQMb M/
+`p2b Qmi  +pBiv BM i?2 :" 2Mp2HQT2 M/ 7Q`Kb  #BTQH` M2#mHX
RX9 1pQHmiBQM Q7 GQr@iQ AMi2`K2/Bi2 Jbb ai`b
h?Bb b2+iBQM bi`ib Qz rBi? M QmiHBM2 Q7 i?2 T`Q+2bb Q7 HQr@iQ BMi2`K2/Bi2@Kbb bi2HH` 2pQHmiBQM 2bi#@
HBb?BM; i?2 +QM/BiBQMb i?i H2/ iQ T`QiQ@SHM2i`v M2#mH2 #2BM; TQr2`2/ #v ?B;? p2HQ+Biv +QHHBKi2/
rBM/b 2K2`;BM; 7`QK i?2B` +2Mi`H bi`bX
h?2 HB72 Q7  bi` Bb  KmHiB@T?b2 K2+?MBbK- i?`Qm;?Qmi r?B+? Bi mM/2`;Q2b  MmK#2` Q7 i`MbBiBQMbX
h?2 bi`Ƕb 7mim`2 2pQHmiBQM Bb /2i2`KBM2/ #v Bib BMBiBH KbbX JbbBp2 bi`b rBi? KBMBKmK Kbb `M;2
#2ir22M 8 ∼ 10M! mM/2`;Q +`#QM 7mbBQM `2bmHiBM; BM  +Q`2@+QHHTb2 bmT2`MQp 2tTHQbBQMX o2`v HQr
Kbb bi`b Q7M∗ < 0.8M! /Q MQi BMBiBi2 >2 #m`MBM; M/ bm#b2[m2MiHv /Q MQi b+2M/ i?2 bvKTiQiB+
;BMi #`M+? U:"V- i?2v 7mb2 H BMiQ He pB T`QiQM@T`QiQM +?BM M/ ?p2  KBM b2[m2M+2 UJaV
HB72iBK2 HQM;2` i?M i?2 ;2 Q7 i?2 mMBp2`b2X GQr@iQ BMi2`K2/Bi2 Kbb bi`b Q7 0.8 ∼ 8M! }`bi
+HbbB}2/ #v A#2M  _2MxBMB URN3jV M/ /QTi2/ #v EbiM2` Ukyy8V U7Q` TSL2V /Q 2Mi2` i?2 :" M/
/2p2HQT  /2;2M2`i2 ?2HBmK +Q`2X qBi?BM i?Bb Kbb `M;2 i?2 0.8 ∼ 2.5M! bi`b /2p2HQT 2H2+i`QM@
/2;2M2`i2 ?2HBmK +Q`2 M/ mM/2`;Q bm//2M ?2HBmK #m`MBM; U>2HBmK 6Hb?V- r?BH2 BMi2`K2/Bi2 bi`b
Q7 2.5 ∼ 8M! 2pQHp2 KQ`2 ;2MiHvX GQr@iQ BMi2`K2/Bi2 Kbb bi`b mM/2`;Q  MmK#2` Q7 i`MbBiBQMb
/2b+`B#2/ #2HQr r?B+? H2/ iQ +QQH- HmKBMQmb bvKTiQiB+ ;BMi #`M+? bi` 7mb2 BMM2` >2 M/ Qmi2` >
RR RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
6B;m`2 RX9, Lm+H2` 7mbBQM `2+iBQM r?2`2 i?`22 ?2HBmK@9 Mm+H2B i`Mb7Q`K BMiQ +`#QMX
b?2HH iQ bm#b2[m2MiHv 2pQHp2 BMiQ  T`2@SHM2i`v M2#mH,
JBM a2[m2M+2 M/ _2/ :BMi "`M+?
h?`Qm;?Qmi i?2 KBM b2[m2M+2 UJaV bi;2- i?2 bi` ;2M2`i2b 2M2`;v pB i?2 T`QiQM@T`QiQM M/
+`#QM@MBi`Q;2M@Qtv;2M U*LPV +v+H2- `2bmHiBM; BM  ?2HBmK #mBH/ mT BM i?2 +Q`2- r?B+? BM im`M 2M#H2b
i?2 bi` iQ }M/ MQi?2` bQm`+2 Q7 2M2`;v pB i?2 i`BTH2 HT? T`Q+2bb r?2`2 ?2HBmK Mm+H2B 7mb2 iQ;2i?2`








2 He→126 C+ 7.367MeV URXjV
1t?mbiBQM Q7 ?v/`Q;2M BM i?2 +Q`2 H2/b iQ /Bb`mTiBQM Q7 ?v/`QbiiB+ 2[mBHB#`BmK M/ i?2 +Q`2 #2;BMb
iQ +QMi`+iX b i?2 +Q`2 bi`ib iQ +QMi`+i- ;`pBiiBQMH 2M2`;v Bb `2H2b2/X h?Bb `2bmHib BM ?v/`Q;2M
BM i?2 i?BM b?2HH `QmM/ i?2 +Q`2 #2BM; ?2i2/ 2MQm;? iQ mM/2`;Q 7mbBQMX h?2 2M2`;v `2H2b2/ #v
i?Bb M2r #m`bi Q7 7mbBQM H2/b iQ BM+`2b2 Q7 `/BiBQM T`2bbm`2 QM i?2 Qmi2` Hv2`b - b  `2bmHi- i?2
HmKBMQbBiv Q7 i?2 bi` Bb BM+`2b2/ #v  7+iQ` Q7 103 ∼ 104 b+2M/BM; i?2 _:" #`M+? M/ i?2 Qmi2`
Hv2`b 2tTM/ iQ ∼ 102R!X h?2 Qmi2` Hv2` 2tTMbBQM H2/b iQ i?2 7mbBQM 2M2`;v #2BM; bT`2/ Qp2`
R6B;m`2b URXR@RXk  jXR- jXjV `2 ;2M2`i2/ rBi? Gh1s/`rBM; 2/BiQ` ?iiT,ffHi2t/`rXbQm`+27Q`;2XM2i
Rk RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
6B;m`2 RX8, 1pQHmiBQM Q7 bi2HH` +Q`2 7Q` M∗ > 2M!- i`BTH2 HT? 7mbBQM Bb T`BQ` iQ 2H2+i`QM /2;2M2`+v- i?2
bi` 2tT2`B2M+2b  ;`/mH b?B7i iQ  +Q`2 ?2HBmK #m`MBM; `2;BQM bm``QmM/2/ #v  ?v/`Q;2M #m`MBM; b?2HHRX
 ;`2i2` bm`7+2 `2 HQr2`BM; i?2 bm`7+2 i2KT2`im`2- i?mb i?2 bi` b+2M/b i?2 _2/ :BMi "`M+?
b?QrM BM 6B;m`2 RX8 UiQT `B;?iVX ai`iBM; rBi? i?2 KBM b2[m2M+2 bi;2 rBi? M2;HB;B#H2 Kbb HQbb
`i2- i?2 HQr@iQ BMi2`K2/Bi2 Kbb bi`b rBHH HQQb2 Kbb i 2p2`v bm#b2[m2Mi bi;2 mT mMiBH i?2 2M/ Q7
THM2i`v M2#mH T?b2X
>Q`BxQMiH "`M+? T?b2
h?`Qm;?Qmi i?2 _:" T?b2- i?2 +Q`2 2tT2`B2M+2b M BM+`2b2 BM Kbb M/ i2KT2`im`2 b i?2 ?v/`Q;2M
b?2HH +QMiBMm2b iQ /2TQbBi BM2`i ?2HBmK BM i?2 +Q`2X aBM+2 MQ 2M2`;v Bb T`Q/m+2/ BM i?2 +Q`2- Bi #2+QK2b
HKQbi BbQi?2`KHX 6Q`  +2`iBM T2`BQ/ Q7 _:" 2pQHmiBQM- i?2 ?v/`Q;2M b?2HH /pM+2b 7Q`r`/- M/
i?2 M2`Hv BbQi?2`KH +Q`2 BM+`2b2b ++Q`/BM;Hv ++QKTMB2/ rBi? M BM+`2b2 BM +Q`2Ƕb /2MbBiv i?i
BM im`M bmTTHB2b i?2 T`2bbm`2 ;`/B2MiX h?2`2 Bb  HBKBi i r?B+? i?2 +Q`2Ƕb Kbb +M bmTTQ`i BiǶb
QrM ;`pBiv rBi?Qmi mM/2`;QBM;  +Q`2 +QHHTb2X a+?ƺM#2`;  *?M/`b2F?` URN9kV b?Qr2/ i?i 
+Q`2 Q7 Kbb #2ir22M 0.10 ∼ 0.15M∗ Bb i  HBKBi Q7 M BbQi?2`KH +QM};m`iBQM i?i +M #HM+2
Bib QrM ;`pBiv rBi? M //BiBQMH r2B;?i Q7 i?2 ?v/`Q;2M 2Mp2HQT2 bm``QmM/BM; BiX lTQM `2+?BM;
i?2 a+?ƺM#2`;@*?M/`b2F?` GBKBi- i?2 +Q`2 #2+QK2b /2Mb2 2MQm;? M/ MQ HQM;2` +ib b  T2`72+i
;bX i bm+? ?B;? /2MbBiB2b- i?2 2H2+i`QMb 2tBbi BM ?B;? 2M2`;v bii2bX h?Bb [mMimK K2+?MB+H 2z2+i
Bb FMQrM b 2H2+i`QM /2;2M2`+v T`2bbm`2- r?2`2 i?2 BM2`i ?2HBmK +Q`2 Bb bmTTQ`i2/ #v i2KT2`im`2






h?2 +Q`2 Bb mM#H2 iQ 2tTM/ M/ +QQH M/ i?2 bi` 2tT2`B2M+2b  i?2`KH `mMrv Tc ∼ 108K i
r?B+? TQBMi ?2HBmK +M B;MBi2 M/ bi`i iQ 7mb2X b  `2bmHi- i?2 i`MbBiBQM iQ i?2 i`BTH2@HT? TQBMi
Q7 +Q`2 ?2HBmK #m`MBM; Bb `2+?2/ 2tTHQbBp2Hv rBi?  ~b? Q` ;`/mHHv 7Q` ?2pB2` bi`bX h?Bb Bb 
HQ+H +Q`2 2p2Mi FMQrM b i?2 >2HBmK 6Hb? b?QrM BM 6B;m`2 RXe `2H2bBM; ∼ 1011 L! BM  72r b2+QM/b
S`BHMBF UkyyyV- /m`BM; r?B+? bm`7+2 T`QT2`iB2b Q7 i?2 bi` `2KBM mMHi2`2/X h?2 QmiTmi Q7 i?2`KH
2M2`;v Q7 i?2 ?2HBmK ~b? Bb i`MbKBii2/ BMiQ i?2 2tTMbBQM Q7 i?2 +Q`2 M/ 2H2+i`QM /2;2M2`+v Bb
HB7i2/X h?Bb 2M#H2b i?2 bi`Ƕb +Q`2 iQ +QQH bB;MB}+MiHv- H2/BM; iQ  /`QT BM 2M2`;v ;2M2`iBQM BM i?2
?v/`Q;2M #m`MBM; b?2HHX h?2 HmKBMQbBiv /2+`2b2b b Bi /2b+2M/b iQ i?2 ?Q`BxQMiH #`M+? U>"V- i?2
bi` b?`BMFb- M/ i?2 bm`7+2 i2KT2`im`2 `Bb2b i`+BM;  ?Q`BxQMiH i`+F HQM; i?2 >_ /B;`KX h?2
+QMiBMmBM; `Bb2 BM i?2 bi`Ƕb bm`7+2 i2KT2`im`2 Bb /m2 iQ ?v/`Q;2M 7mbBQM BM  b?2HH M/ >2@#m`MBM;
i`BTH2@HT? `2+iBQMb BM i?2 +Q`2 b?QrM BM 6B;m`2 RX8 U#QiiQK H27iVX ai`b BM i?2 ?Q`BxQMiH #`M+?
?p2 TT`QtBKi2Hv +QMbiMi HmKBMQbBiv +`Qbb  `M;2 Q7 i2KT2`im`2bX h`BTH2 @ HT? Bb BM2{+B2Mi
i T`Q/m+BM; 2M2`;v M/ Hbib 7Q` #Qmi 108 v` E`Fb UkyRyV #mBH/BM; mT #mM/M+2 Q7 M *fP +Q`2
#mi MQi bm{+B2Mi 2MQm;? +Q`2 i2KT2`im`2 iQ B;MBi2 *`#QM 7mbBQMX
:" bi`b M/ rBM/b
6QHHQrBM; ?2HBmK 7mbBQM T?b2 r?B+? Hbib 7Q`  72r ∼ 106 v2`b BM >" T?b2- i?2 +Q`2 #2+QK2b >2
2t?mbi2/ M/ im`Mb BMiQ +`#QM M/ Qtv;2M Mm+H2B- +`2iBM; M *fP +Q`2- 2M+QKTbb2/ #v ?2HBmK M/
?v/`Q;2M #m`MBM; b?2HHbX h?2 ?v/`Q;2M b?2HH Bb /2TQbBib ?2HBmK b? QMiQ i?2 ?2HBmK b?2HH- T`2b2Mi2/
b+?2KiB+HHv BM 6B;m`2 RX8 U#QiiQK `B;?iVX h?2 Qmi2` Hv2` Bb +QMp2+iBp2- i?Bb HHQrb i?2 +Q`2 Ki2`BH
iQ /`2/;2 mT iQ i?2 bm`7+2 #v +QMp2+iBp2 +m``2Mib r?B+? BM im`M H2/b iQ ?2pB2` #mM/M+2 Q7 +`#QM
M/ /mbi ;`BMbX h?2 bi` #2+QK2b KQ`2 HmKBMQmb i?M QM Bib }`bi _:" b+2Mi- Bi 2tTM/b M/ +QQHb
/QrM #2+QKBM; M :" bi`X :" T?b2 /2`Bp2b Bib MK2 b Bi TT2`b #`B;?i2` +QKT`2/ iQ i?2
_:"- BX2 Bi H2p2b i?2 `2/ bB/2 Q7 i?2 >" M/ HQQb2b  H`;2 +QMp2+iBp2 2Mp2HQT2 M/ b+2M/b i?2 :BMi
"`M+? T?b2 #mi i ?B;?2` 2z2+iBp2 i2KT2`im`2 i`+BM; M bvKTiQiB+ +m`p2 BM 6B;m`2 RXd `2HiBp2
iQ T`2pBQmb _:" i`+FX h?2 :" bi`b TT2` b +QQH < 3, 000K- HmKBMQmb ∼ 104L! bi`b QM >_
/B;`K rBi? i?2 BMBiBH Kbb `M;2 Q7 0.5 ∼ 8M! >ƺ7M2`  PHQ7bbQM UkyR3VX h?Bb +Q``2bTQM/b iQ
+?`+i2`BbiB+H bi2HH` `/BB Q7 ∼ 102R!- `2bmHiBM; BM HQr bm`7+2 ;`pBiv Q7 10−5 ∼ 10−4 Q7  bmM@HBF2
bi` M/ bm#b2[m2Mi HQr ;b 2b+T2 p2HQ+Biv >ƺ7M2`  PHQ7bbQM UkyR3VX h?2 /Qm#H2 b?2HH U>@ M/ >2@V
#m`MBM; T?b2 iF2b mT iQ ∼RW Q7 i?2 Qp2`HH BMi2`K2/Bi2 Kbb bi`Ƕb HB72iBK2X 6Q` M 2p2M b?Q`i2`
R9 RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
6B;m`2 RXe, h?2 >2`ixbT`mM;@_mbb2HH .B;`K- b?QrBM; i?2 2pQHmiBQM`v i`+F Q7 2M! bi`X >Q`BxQMiH #`M+?
bi`b `2 TQbi@?2HBmK@~b?- HQr@Kbb bi`b rBi? HmKBMQbBiB2b Q7 #Qmi 8y iBK2b i?i Q7 i?2 amM M/ BM r?B+?
i?2`2 Bb #Qi? +Q`2 ?2HBmK #m`MBM; M/ b?2HH ?v/`Q;2M #m`MBM;X h?2b2 bi`b rBHH 2p2MimHHv KQp2 #+F iQr`/
i?2 `2/ ;BMi `2;BQM b i?2B` 7m2H Bb 2t?mbi2/X
6B;m`2 RXd, h?2 >2`ixbT`mM;@_mbb2HH .B;`K- b?QrBM; i?2 2pQHmiBQM`v i`+F Q7 2M! bi`X h?2 bi` +HBK#b
i?2 :BMi "`M+? ;BM- #mi i  ?B;?2` 2z2+iBp2 i2KT2`im`2 i?M i?2 :BMi "`M+?- bQ Bi b+2M/b rBi?  #Hm2`
+QHQ`- TmiiBM; Bi bHB;?iHv iQ i?2 H27i Q7 i?2 Q`B;BMH :BMi "`M+? QM i?2 >@_ .B;`KX
R8 RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
7`+iBQM Q7 i?2B` Mm+H2` :" HB72- Q7 Q`/2` 10−3- i?2 bi`b 2tT2`B2M+2 i?2`KH TmHb2b UhS@:" T?b2V-
/m`BM; r?B+? i?2 i2KT2`im`2 M/ #`B;?iM2bb p`v bB;MB}+MiHv QM iBK2b+H2b Q7  72r i?QmbM/ v2`b
aH`Bb 2i HX UkyR9VX h?Bb T`Q+2bb Bb HmM+?2/ #v i?2 #mBH/ mT Q7 ?2HBmK rBi? iBK2 i?i mM/2`;Q2b M
2tTHQbBp2 2p2Mi BM i?2 >2 b?2HH +HH2/  i?2`KH TmHb2 UhSVX h?Bb T`Q+2bb Bb #`2Hv MQiB+2#H2 QM i?2
bi`Ƕb bm`7+2 #mi Bi H2/b iQ BM+`2b2 Q7 i?2 C/O +Q`2X h?2 +Q`2 2H2K2Mi `iBQ bTHBib i?2 bi`Ƕb +Q`2 BMiQ
j +?2KBbi`v ivT2b, P@`B+?- a@ivT2- *@`B+? rBi? UC/O < 1, ∼ 1, > 1VX h?2 iQKB+ * iQ P `iBQ BM i?2
bi2HH` iKQbT?2`2 Q7 :" bi`b b2ib i?2 KQH2+mH` M/ /mbi +QMi2Mi Q7 i?2 *a1 7Q`K2/ #v i?2 bi2HH`
rBM/ *bi`Q@*``BxQ 2i HX UkyRyVX .m2 iQ HQr iKQbT?2`B+ i2KT2`im`2b M/ `2HiBp2Hv ?B;? /2MbBiB2b-
:" 2MpB`QMK2Mi 2M#H2b 7pQm`#H2 i?2`KQ/vMKB+ +QM/BiBQMb 7Q` KQH2+mH2 7Q`KiBQM EBK 2i HX
UkyRyVX
:" Qmi~Qr  amT2`rBM/
qQ`FBM; #+F 7`QK i?2 SL- _2MxBMB URN3RV }`bi T`QTQb2/  i2`K bmT2`rBM/ iQ ++QmMi 7Q` i?2 Q#b2`p2/
Kbb HQbb +?`+i2`BbiB+b BM i?i T?b2X "v iFBM; i?2 ivTB+H Kbb Q7 SL `2KMMi iQ #2 BM Q`/2` Q7
0.2M!- :" 2tTMbBQM p2HQ+Biv Q7 20 kms−1 M/ M2#mH `/Bmb Q7 ∼ 0.1 T+- i?2 `2bmHiBM; Kbb HQbb
T`BQ` iQ SL Bb i H2bi b2p2`H 10−5M! yr−1X qBi? η Q7 i?2 Q`/2` Q7 mMBiv- _2BK2`b Kbb HQbb `i2
UJG_V 1[miBQM RXk ;Bp2b i?2 H`;2bi pHm2 `2+?2/ #v :" bi`b 10−6M! yr−1X >2M+2 i?2 JG_
M2+2bb`v iQ T`Q/m+2 i?2 Q#b2`p2/ pHm2b M22/b iQ #2 i H2bi QM2 Q`/2` Q7 K;MBim/2 H`;2` i?M
T`2/B+i2/ #v _2BK2`b HrX AM Q`/2` iQ ++QmMi 7Q` SL2 2Mp2HQT2 Kbb- i?2 :" T?b2 Kmbi #2
i2`KBMi2/ #v  `TB/ T`Q+2bb 2D2+iBM; KQbi Q7 i?2 `2bB/mH ?v/`Q;2M@`B+? 2Mp2HQT2X h?Bb ǳbmT2`rBM/Ǵ
`2;BQM BM 6B;m`2 RXk K`Fb i?2 HQ+iBQM Q7 Ki2`BH 2D2+i2/ /m`BM; M BMi2Mb2 M/ T2`?Tb tBHHv
bvKK2i`B+ Kbb HQbb T?b2 i?i 2M/b  bi`Ƕb HB72 QM i?2 :" FMQrM b i?2 Hi2 :" UG:"V T?b2X
h?Bb #2?pBQm` HQM; i?2 :" Bb BM ;`22K2Mi rBi? Q#b2`piBQMb i?i `2[mB`2 i?2 Kbb HQbb `i2 iQ
bm#biMiBHHv BM+`2b2 M2` i?2 i2`KBMiBQM Q7 i?2 :" T?b2X
++Q`/BM; iQ i?2 bT?2`B+HHv bvKK2i`B+ RĜ. KQ/2H +H+mHiBQMb #v qBMi2`b 2i HX UkyyyVc >ƺ7M2` 2i HX
UkyyjVc aM/BM  >ƺ7M2` UkyyjVc a+?B``K+?2` 2i HX UkyyjV- i?2b2 rBM/b `2 /`Bp2M #v  +QK#BMiBQM Q7
bi2HH` TmHbiBQM- /mbi 7Q`KiBQM M/ `/BiBQM T`2bbm`2 QM /mbi ;`BMbX Jbb HQbb Bb FMQrM iQ /QKBMi2
i?2 2pQHmiBQM QM i?2 bvKTiQiB+ ;BMi #`M+? ;2M2`iBM; KbbBp2 bi2HH` rBM/b rBi? Kbb HQbb `i2b mT
iQ 10−4M! yr−1 >#BM; URNNeVc G2 "2`i`2 URNNdVc qHH2`bi2BM  EMTT URNN3V- r?B+? /`Bp2b i?2K
iQr`/b i?2 THM2i`v M2#mH T?b2X >Qr2p2`- i?2 bHQr2` 2pQHmiBQM Q7 bi`b rBi? M∗ ! 1M! K2Mb
KQ`2 Kbb Bb HQbi /m`BM; i?2 `2/ ;BMi #`M+? U_:"V T?b2 i?M QM i?2 :"X _:" Kbb HQbb ?b
#22M bim/B2/ Km+? H2bb /m2 iQ i?Bb T?b2 ?pBM; KBMQ` 2z2+ib QM i?2B` 2pQHmiBQMX >Qr2p2`- _:"
Kbb HQbb Bb +`miBH 7Q` 2pQHmiBQM i Hi2` bi;2b b Bi b2ib i?2 bi2HH` i2KT2`im`2 QM i?2 ?Q`BxQMiH
Re RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
#`M+? M/ /B+ii2b i?2 H2M;i? M/ Ti? Q7 bm#b2[m2Mi 2pQHmiBQM HQM; i?2 :" J+.QMH/  wBDHbi`
UkyR8VX h?2 :" rBM/ H2/b iQ /mbi T`iB+H2 7Q`KiBQM 7`QK /`2/;2/ mT +`#QM Ki2`BH 7`QK i?2
+Q`2 KFBM; Bi QM2 Q7 i?2 KBH2biQM2b BM i?2 bim/v Q7 BMi2`bi2HH` +HQm/b M/ T`QiQ@bQH` bvbi2KbX :"
bi`b `2 bm``QmM/2/ #v /mbi@`B+? b?2HHb Q7 Kii2` T`Q/m+2/ #v i?2B` QrM bHQr- bT?2`B+HHv bvKK2i`B+
:" bi2HH` rBM/X .m`BM; i?Bb iBK2 BM bi2HH` 2pQHmiBQM- i?2 i?B+F /mbi b?2HH #HQ+Fb i?2 pBbB#H2 HB;?i
M/ #bQ`#b i?2 `/BiBQM +QKBM; 7`QK i?2 +2Mi`H bi` `2@2KBiiBM; Bi BM i?2 7` BM7``2/ UA_V T`i Q7
i?2 bT2+i`mK SBQpM 2i HX UkyyjVX
SQbi@:" bi`b
h?2 BMi2`BQ` TmHb2b HB7i  Hv2` Qz i?2 bm`7+2 Q7 i?2 bi` 2D2+iBM; Bi BMiQ i?2 AaJ mMiBH i?2 2Mp2HQT2
#2+QK2b bi#H2 M/ i?2 TmHb2b bm#bB/2X i i?Bb T?b2- i?2 bi` Bb i i?2 2M/ Q7 Hi2 bvKTiQiB+ :BMi
"`M+? UG:"V M/ i?2 bi`i Q7 i?2 TSLX h?mb i?2 /`2/;2/@mT Ki2`BH Bb `2H2b2/ BMiQ i?2 AaJ-
H2/BM; iQ BM+`2b2 Q7 i?2 `2HiBp2 #mM/M+2 Q7 +`#QM BM i?2 7Q`K Q7 ;b Q` KQ`2 +QKKQMHv BM 7Q`K Q7
/mbi ;`BMbX h?2 _:" Kbb HQbb T?b2 M/ +Q`2 Kbb `2/m+iBQM /m2 iQ i?2`KH TmHbiBQMb /2i2`KBM2b
:" bi`b 2pQHmiBQM`v i`+F- r?B+? #`M+?2b BMiQ +MQMB+H SQbi@:" US@:"V- TQbi@2`Hv :"
US1@:"V M/ :"@JM[m2 bi`b _Qb2M}2H/ 2i HX UkyRkVX h?2 iBK2 #2ir22M :" iBT iQ QMb2i Q7
> BQMBxiBQM Hbib #Qmi 102 ∼ 104 v` r?B+? Bb i?2 iBK2b+H2 i r?B+? 7bi@2pQHpBM; rBM/b b?Q+F M/
b?T2 i?2 `2bmHiBM; TSL M2#mH #27Q`2 i?2 +2Mi`H bi` `2+?2b bm{+B2Mi i2KT2`im`2 iQ bi`i BQMBbBM;
i?2 bm``QmM/BM; M2#mHX SQbi@:" bi`b 7QHHQr  ?Q`BxQMiH i`+F QM i?2 >_ /B;`K iQr`/b ?B;?2`





JQ`2 KbbBp2 +2Mi`H bi`b Q7 S@:" TT2` ?Qii2` M/ #`B;?i2` QM i?2 >_ /B;`K M/ +QMb2[m2MiHv
mM/2`;Q 7bi2` 2pQHmiBQM iQr`/b i?2 r?Bi2 /r`7 T?b2 HQM; i?2 iQT i`+F BM 6B;m`2 RX3X h?2b2
Q#D2+ib `2 FMQrM b i?2 +MQMB+H SQbi@:" US@:" bi`bV- M 2M/ `2bmHi Q7 i?2 :"X h?2v `2
T`2/QKBMMiHv > #m`M2`b- ?p2 H`;2` i?2`KH TmHb2 +v+H2 UhS*V T?b2 M/ b?Q`i2` HB72iBK2X SQbi@
2`Hv :" M/ :"@JM[m2 bi`b ?p2 BMbm{+B2Mi 2Mp2HQT2 Kbb iQ HHQr  7mHH :" T?b2- mM/2`;Q
bHQr2` 2pQHmiBQM i HQr2` HmKBMQbBiv +QKT`2/ iQ > #m`M2`b "`QrM 2i HX UkyyyVX
TSL rBM/b
h?2 +B`+mKbi2HH` 2Mp2HQT2 i?i ?b #22M T`Q/m+2/ /m`BM; i?2 :" T?b2 /2i+?2b 7`QK i?2 T?QiQ@
bT?2`2 K`FBM; i?2 BMBiBiBQM Q7 i?2 TSL T?b2X AM i?Bb bi;2-  7bi +QHHBKi2/ rBM/ 2pQHp2b rBi?
p2HQ+BiB2b Q7 b2p2`H 100 km s−1 2KMiBM; 7`QK i?2 bi2HH` +Q`2 "mD``#H 2i HX UkyyRVX h?2 +mb2 Q7
Rd RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
h#H2 RXR, :" bi`b +HbbB}+iBQM- +KTQbBiBQM M/ HB72iBK2 #v "`QrM 2i HX UkyyyV
ai` J i a?2HH
UJ!) Uv`V
S@:" 0.8 ∼ 8 103 ∼ 104 > #m`M2`b
S1@:"  :" JM[m2 < 2 104 ∼ 105  106 ∼ 107 >2 #m`M2`b
6B;m`2 RX3, aKTH2 bi2HH` 2pQHmiBQM`v i`+Fb #v "`2bbM 2i HX UkyRkV b?QrBM; ?Qi >" bi`b M/ i?2B`
T`Q;2MB2bǶ TH+2K2Mi QM >@_ /B;`KX h?2 S@:" i`+F Bb iF2M 7`QK obbBHB/Bb  qQQ/ URNN9V >@#m`MBM;
i`+Fb 7Q`  Kbb Q7 yX8Nd M! M/ w4yXyReX
i?2 /`BpBM; 2M;BM2 Q7 i?2 *6q Bb mM+H2` M/ Bb /Bb+mbb2/ BM a2+iBQM RXjXRX h?2 BMi2`+iBQM Q7 7bi TSL
rBM/ rBi? T`2pBQmb bm``QmM/BM; :" bHQr rBM/ ?HQ Bb #2HB2p2/ iQ +mb2 bvKK2i`B2b BM i?2 `2KMMi-
`2bmHiBM; BM  pbi ``v Q7 KQ`T?QHQ;B2b T`2b2Mi BM THM2i`v M2#mHbX h2KT2`im`2b Q7 +2Mi`H bi`b
Q7 TSLb `M;2 #2ir22M 4, 000K ∼ 30, 000K rBi? HmKBMQbBiv Q7 ∼ 104 L!X h?2 `M;2 Q7 TSL bT2+i`H
ivT2b Bb #2ir22M Hi2 G iQ 2`Hv B rBi? HQr bm`7+2 ;`pBiv M/ HmKBMQbBiv +Hbb I bm``QmM/2/ #v M
2tTM/BM; +B`+mKbi2HH` 2Mp2HQT2 U*a1V Q7 KQH2+mH` ;b M/ +QQH /mbiX h?2 TQbi@:" bi;2 Bb  p2`v
b?Q`i T2`BQ/ BM bi2HH` 2pQHmiBQM ∼ 103 v2`b l2i 2i HX UkyyyV- KFBM; i?2b2 Q#D2+ib b+`+2- #Qmi
∼ 100 TSL2 `2 FMQrM G;/2+ 2i HX UkyRRVX :2M2`HHv- TSL2 2t?B#Bi  7bi #BTQH` Qmi~Qr 2K#2/@
/2/ rBi?BM  bHQr bT?2`B+HHv bvKK2i`B+ rBM/ 7`QK i?2 :" bi` "mD``#H 2i HX UkyyRV FBM2KiB+
T`K2i2`b bmKK`Bb2/ BM h#H2 RXkX
GBF2 SL2- TSL2 `2 +QKTQb2/ Q7 +2Mi`H bi`b M/ /2i+?2/ +B`+mKbi2HH` 2Mp2HQT2b Q7 ;b M/ /mbi-
?Qr2p2`- mMHBF2 SL2- i?2B` +2Mi`H bi`b `2 iQQ +QQH (Teff < 104K) iQ T?QiQBQMBx2 i?2 2Mp2HQT2b ErQF
URNNjVX >2M+2- bm++b2bb7mHHv mb2/ i2+?MB[m2b 7Q` SL2 Q#b2`piBQMb- bm+? b bTiBH `2bQHmiBQM BK;@
R3 RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
h#H2 RXk, hvTB+H TSLf SL rBM/ +QM/BiBQMb
qBM/ iwind l J Qmi~Qr M˙ JQK2MimK SfG+
v` FKfb J! J!/yr ; +Kfb 2`;fb
:" amT2`rBM/ e ×103 ky yX8 Ry−4 k×1039 Ry34
TSL *QHHBKi2/ 6bi qBM/ Ry2 ∼ 103 8y yX8 8 ×10−4 8×1039 3 ×1035
SL aHQr Ry4 jy yXR Ry−5 e×1038 j ×1033
SL 6bi Ry4 kyyy yXyyyR Ry−8 9×1037 RXj ×1034
EBM2KiB+ T`K2i2`b 7Q` :"- TSL M/ SL rBM/b 7`QK "mD``#H 2i HX UkyyRVX h?2 +QKT`iBp2 `/Bmb M/
iBK2b+H2b Q7 SSL M/ SL Bb ∼ few × 10−1 pc- ∼ 103 yr M/ ∼ few pc- ∼ 104 yr `2bT2+iBp2HvX :" bi` b+H2b `2
R∗ ∼ few102M# rBi? HB72iBK2 Q7 ∼ 106 yr M/ bT?2`B+H 2tTMbBQM Q7 U ∼ 10 km/s 7Q`KBM; +B`+mKbi2HH` 2Mp2HQT2
`/Bmb mTiQ ∼ 10 pcX
BM; Q7 BQMBb2/ ;b HBM2b Q` 7`22@7`22 `/BQ +QMiBMBmK /Q MQi `2p2H i?2 bi`m+im`2 Q7 TSL2 +B`+mKbi2HH`
2Mp2HQT2bX AMbi2/- /mbi@b2MbBiBp2 i2+?MB[m2b bm+? b i?2`KH 2KBbbBQM i BM7``2/ rp2H2M;i?b Q` b+i@
i2``BM; Q7 pBbB#H2 HB;?i i QTiB+H rp2H2M;i?b Q` M2mi`H ;b *P Q` P> KTTBM; BM `/BQ Bb mb2/X
.mbi@/`Bp2M Qmi~Qr,
:" bi`b ?p2  HB72iBK2 Q7 ∼ R Jv` rBi? rBM/ p2HQ+BiB2b Q7 10 km s−1- ?2M+2 i?2v 7Q`K  +B`+mKbi2HH`
2Mp2HQT2 *a1X AM i?2 TSL T?b2 i?2 *a1 Bb  HQr@/2MbBiv bT?2`B+H ?HQ `2T`2b2MiBM;  `2KMMi Q7 i?2
:" rBM/X h?2b2 :" rBM/b `2 /`Bp2M #v  +QK#BMiBQM Q7 bi2HH` TmHbiBQM M/ `/BiBQM T`2bbm`2
QM /mbi ;`BMbX :`BMb /`; i?2 ;b HQM; pB 7`B+iBQM rBi? `/BiBp2 KQK2MimK Q7 L/c ∼ M˙×U-
r?2`2 U Bb i?2 rBM/ b?2HH p2HQ+BivX h?2 Qmi~Qrb +QMiBM /mbiv- bT?2`B+HHv 2tTM/BM; r−2 /2MbBiv
T`Q}H2 i bHQr bT22/b #mi p2`v H`;2 Kbb HQbb `i2b mT iQ ∼ 10−4M! yr−1X
*QHHBKi2/ 7bi rBM/,
.m`BM; i?2 2pQHmiBQM`v i`MbBiBQM #2ir22M i?2 :" M/ TQbi@:" UT:"V T?b2 i?2 KQ`T?QHQ;v
Q7 +B`+mKbi2HH` 2Mp2HQT2 U*a1V mM/2`;Q2b bB;MB}+Mi +?M;2b i?i `2[mB`2 iQ #2 /`Bp2M #v  T?vbB+H
;2Mi Q` ;2Mib i?i #`F2 i?2 bT?2`B+H bvKK2i`v Q7 i?2 `/BiBp2Hv /`Bp2M- /mbiv Kbb@HQbb T?b2X
6+2/ rBi? i?2 +QKTH2tBiv- Q`;MBxiBQM M/ 7`2[m2Mi T`2b2M+2 Q7 TQBMi bvKK2i`v BM i?2 KQ`T?QHQ@
;B2b Q7 i?2B` bm`p2v SLb- a?B 2i HX URNN3V T`QTQb2/ i?i i?2 T`BK`v ;2Mi 7Q` #`2FBM; bT?2`B+H
bvKK2i`v Bb  D2i Q` +QHHBKi2/- 7bi ∼ 102 km s−1- M˙ ∼ 5× 10−6M! yr−1 rBM/ U*6qV QT2`iBM;
/m`BM; i?2 2`Hv T:" Q` Hi2 :" 2pQHmiBQM`v T?b2X h?2 *6qb `2 HBF2Hv iQ #2 2TBbQ/B+- M/
2Bi?2` +?M;2 i?2B` /B`2+iBQMHBiv UBX2X- rQ##HBM; Q7 tBb Q` T`2+2bbBQMV Q` ?p2 KmHiBTH2 +QKTQM2Mib
QT2`iBM; BM /Bz2`2Mi /B`2+iBQMb U[mbBVbBKmHiM2QmbHv a?B 2i HX UkyRRVX
RN RX9X 1oPGlhAPL P6 GPq@hP ALh1_J1.Ah1 Jaa ah_a
SHM2i`v L2#mH
6m`i?2` QM b i?2 +2Mi`H bi` 2D2+ib Bib Qmi2` Hv2`b iQ 7Q`K i?2 +QH/ TSL M2#mH- i?2 +Q`2 Q7 i?2 bi` Bb
H27i #2?BM/X h?Bb Bb  `2HiBp2Hv b?Q`i U∼ 104 v`V T?b2 Q7 bi2HH` 2pQHmiBQM #2ir22M i?2 bvKTiQiB+ ;BMi
#`M+? M/ r?Bi2 /r`7 bi;2b Uq.VX i i?2 2M/ Q7 TQbi@:" T2`BQ/ i?2 7BMi TSL `2~2+iBQM M2#mH
#2+QK2b  #`B;?i 2KBbbBQM M2#mH USLV /m2 iQ  bi`QM; BQMBbBM; mHi`pBQH2i ~mt 7`QK i?2 ?Qi 104 ∼ 105
E +2Mi`H bi`X SL Kbb2b `M;2 7`QK 0.1 ∼ 1M! rBi? ;b /2MbBiv Q7 ∼ 103 cm−3 M/ bTiBH 2ti2Mi Q7
`Qm;?Hv j T+ +`QbbX "+F BM i?2 TSL T?b2- i?2 `/BiBQM Bb MQi bm{+B2Mi iQ /BbbQ+Bi2 i?2 KQH2+mH2b-
Bi Bb KBMHv b?Q+F rp2b i?i ;2M2`i2 i?2 M2`@A_ 2KBbbBQMX b bii2/ #v .pBb 2i HX Ukyy8V- i?2
TSL bi;2 b?QmH/ ;2M2`i2 KQ`2 KQH2+mH` 2KBbbBQM `2HiBp2 iQ Bib bm++2bbQ` i?2 SL- bBM+2 i?2`2 Bb
MQ 2ti`2K2 lo U1loV iQ /2bi`Qv i?2 KQH2+mH2bX lTQM `2+?BM; i?2 SL bi;2- 1lo ;2M2`i2b i?2
>AA `2;BQM M/ i?2 bm#b2[m2Mi 2KBbbBQM M2#mHX h?2 `2KMMib Q7 i?2 2H2+i`QM@/2;2M2`i2 *fP +Q`2b
/2p2HQT2/ #v :" T`Q;2MBiQ`b `2T`2b2Mi i?2 +2Mi`H bi`b Q7 SL2 rBi? KQbi Q7 i?2B` ?v/`Q;2M b?2HH
HQbi /m2 iQ Kbb HQbb i?`Qm;?Qmi i?2 :" T?b2X h?2 2M2`;v T`Q/m+2/ Bb KBMiBM2/ rBi? ?v/`Q;2M
b?2HH #m`MBM; rBi? +QMbiMi HmKBMQbBiv QmiTmi /m`BM; HQr iQ ?B;? i2KT2`im`2 `M;2 +`Qbb i?2 >@_
/B;`KX 1p2MimHHv- i?2 2MiB`2 ?v/`Q;2M 2Mp2HQT2 Bb miBHBb2/ #v  +QK#BMiBQM Q7 Mm+H2` #m`MBM;
M/ Kbb HQbb i`+2/ BM 6B;m`2 RXk- i?2 +2Mi`H bi`b ;`/mHHv +QQH /QrM- /2+`2b2 i?2B` HmKBMQbBiv
M/ #2+QK2 r?Bi2 /r`7bX h?Bb K2+?MBbK rb /2b+`B#2/ #v S+xvƖbFB URNdRV- M/ rb +QM}`K2/ #v
/2iBH2/ 2pQHmiBQM`v i`+Fb +H+mHiBQMb #v a+?Q2M#2`M2` URNdNV M/ qQQ/  6mHFM2` URN3eV M/
bmKK`Bb2/ #v ErQF Ukyy3VX PH/2` SLb `2 T`QM2 iQ /2p2HQT BMbi#BHBiB2b #v BMi2`+iBQMb rBi? i?2
K#B2Mi BMi2`bi2HH` K2/BmK UAaJV- M/ `2 bm#D2+i2/ iQ i?2 Tbb;2 Q7 T?QiQBQMBxiBQM 7`QMibX h?Bb
H2/b iQ Q#b+m`iBQM Q7 i?2 mM/2`HvBM; bvKK2i`B2b M/ ;2QK2i`B2b BKTQb2/ 2`Hv QM a?B 2i HX UkyRRVX
h?2 +Q`2 Kbb Bb QM2 Q7 i?2 F2v 7+iQ`b i?i /2i2`KBM2b i?2 i`MbBiBQM iBK2 #2ir22M i?2 :" M/
SL bi;2X  ?B;? Kbb bi` 2pQHp2b `2HiBp2Hv 7bi r?BHbi BHHmKBMiBM; i?2 M2#mH 7Q`  `2HiBp2Hv b?Q`i
iBK2-  HQr +Q`2 Kbb bi` 2pQHp2b iQQ bHQrHv iQ BQMBb2 i?2 +B`+mKbi2HH` M2#mH #27Q`2 Bi /BbbBTi2b
BMiQ i?2 BMi2`bi2HH` K2/BmKX h?2 Qp2`HH Kbb HQbb BM i?2 SL bi;2 Bb  72r Q`/2`b Q7 K;MBim/2 HQr2`
+QKT`2/ iQ M˙ /m`BM; i?2 bmT2`rBM/ Q7 TSL bi;2 h#H2 RXk- ?Qr2p2` Bi 2M`B+?2b i?2 AaJ rBi? ?2pv
2H2K2Mib bm+? b +`#QM- MBi`Q;2M- Qtv;2M M/ +H+BmKX .m2 iQ #`B;?i 2KBbbBQM bT2+i`- SLb `2
/2i2+i#H2 Qp2` H`;2 /BbiM+2b M/ `2 mb2/ iQ 2biBKi2 /BbiM+2b iQ 2ti2`MH ;HtB2bX *QMb2[m2MiHv-
MQi HH bi`b i?i 2pQHp2 Tbi i?2 :" rBHH #2+QK2 SL2 ErQF Ukyy3VX 1p2MimHHv i?2 ;b BM SL Bb
/BbT2`b2/ BMiQ bT+2 H2pBM; #2?BM/  /2Mb2- /BK r?Bi2 /r`7 M/ i?2 Kii2` 2D2+i2/ #v i?2 SL 7Q`Kb
M2r #mBH/BM; #HQ+Fb 7Q` i?2 M2ti ;2M2`iBQM Q7 bi`bX
ky RX8X a>P*E@1s*Ah1. H2 1JAaaAPL AL SSLX
RX8 a?Q+F@2t+Bi2/ H2 2KBbbBQM BM SSLX
P#b2`piBQMHHv- i?2 M2#mH bm``QmM/BM; i?2 +2Mi`H bi` Q7 TSL +M #2 QTiB+HHv i?BM Q` i?B+F- /2T2M/@
BM; QM i?2 2[miQ`BH rBM/ bi`2M;i?- /Bb+mbb2/ BM KQ`2 /2iBH BM a2+iBQM kXjX PTiB+HHv i?BM- bT?2`B+H
TSL M2#mHb `2 Q#b2`piBQMHHv +?HH2M;BM; /m2 iQ i?2 HmKBMQbBiv Q7 i?2 +2Mi`H bi` ∼ 104 L! #2BM;
∼ 103 #`B;?i2` i?M i?2 `2~2+i2/ M2#mH` HB;?iX >2M+2- KQbi Q#b2`piBQMHHv pB#H2 TSLb `2 #BTQH`
`2~2+iBQM M2#mHb r?2`2 i?2 +2Mi`H bi` Bb Q#b+m`2/ #v i?2 QTiB+HHv i?B+F iQ`mb Q7 /mbi +`2i2/ #v
BMi2Mb2 2[miQ`BH rBM/ rBi? irQ QTiB+HHv i?BM HQ#2b Q7 *6q T2`T2M/B+mH` iQ i?2 `BM; +`2iBM; i?2
#BTQH` bi`m+im`2X h?2 bm``QmM/BM; 2Mp2HQT2 Q7 ;b M/ /mbi +mb2b HB;?i `2~2+iBQM 7`QK i?2 +2Mi`H
bi` rBi? 2z2+iBp2 i2KT2`im`2 #2ir22M 103 ∼ 104 EX
h?2 #mM/M+2 Q7 M2#mH` /mbi +mb2b TQbi@:" bi2HH` Q#D2+ib iQ #2 QTiB+HHv 7BMi- ?Qr2p2` i?2v
2KBi bi`QM;Hv BM i?2 M2`@A_ T`i Q7 i?2 bT2+i`mK /m2 iQ i?2 :" KQH2+mH` 2MpB`QMK2Mi 2Mp2HQT@
BM; i?2 bi` #2BM; b?Q+F2/ #v i?2 +QHHBKi2/ 7bi TSL rBM/X h?2 *6q Q` D2ib- QT2`iBM; /m`BM;
i?2 T`QiQ@THM2i`v Q` p2`v Hi2@:" T?b2- `2 HbQ i?2 T`BK`v ;2Mi 7Q` b?TBM; KQbi SHM2i`v
L2#mH2X h?2`27Q`2- i?2 T`QT2`iB2b Q7 BMp2biB;i2/ TQbi@:" Qmi~Qrb `2 /2T2M/2Mi QM i?2 Mim`2 Q7
i?2 BMi2`+iBM; rBM/b M/ i?2 bi`m+im`2 Q7 i?2 K#B2Mi K2/BmKX P#b2`piBQMH bim/B2b ?p2 /2i2+i2/
MmK2`Qmb KQH2+mH` ?v/`Q;2M 2Mp2HQT2b bm``QmM/BM; TQbi@:" bi`bX JQH2+mH` `Q@pB#`iBQMH H2
i`MbBiBQMb rBi? ∆v = 1, 2 2KBi i M2` BM7``2/ rp2H2M;i?b ∼ 2µm HQ+i2/ BM i?2 E@#M/X h?2b2
`Q@pB#`iBQMH i`MbBiBQMb #2+QK2 /2i2+i#H2 /m2 iQ 7bi +QHHBKi2/ rBM/b ;2M2`iBM; b?Q+F rp2b- i?i
Tbb i?`Qm;? i?2 KQH2+mH` 2MpB`QMK2MiX JQH2+mH` 2Mp2HQT2b Q7 H2 ?p2 HbQ #22M /2i2+i2/ `QmM/
SL2 CKBM2i 2i HX URNNRVX S`QiQTHM2i`v M2#mH #2BM; i?2 T`2/2+2bbQ` Q7 SL2 b?QmH/ ?p2 bBKBH`
KQH2+mH` 2Mp2HQT2b M/ bmbiBM  bi#H2 KQH2+mH` 2MpB`QMK2Mi /m2 iQ `2HiBp2Hv HQr bm`7+2 i2KT2`@
im`2 T∗ < 15, 000K Q7 i?2 +2Mi`H bi`X TSLǶb `2 QTiB+HHv 7BMi M/ 2KBi bi`QM;Hv BM M2`@A_ UC@-
>@- E@#M/bV /m2 iQ 2t+BiiBQM Q7 KQH2+mH` 2MpB`QMK2MiX a?Q+F rp2b +mb2/ #v rBM/b BMi2`+iBM;
rBi? KQH2+mH` K2/BmK +i b 2t+BiiBQM bQm`+2- i`B;;2`BM; i?2 `Q@pB#`iBQMH 2M2`;v i`MbBiBQMb Q7 H2
KQH2+mH2X h?Bb T`Q+2bb Bb 7QHHQr2/ #v +QQHBM; pB +QHHBbBQMH /2@2t+BiiBQM rBi? `Q@pB#`iBQMH i`MbBiBQM
2M2`;B2b +Q``2bTQM/BM; iQ 2KBbbBQM BM i?2 M2`@BM7``2/ #M/X LmK2`Qmb H2 /2i2+iBQMb BM TQbi@:"
bi`b ?p2 #22M +QM}`K2/ _B2` 2i HX UkyyjVX
RXe .mbi M/ *?2KBbi`v 7`QK i?2 :" iQ SL T?b2X
h?2 T`Q+2bb Q7 `2@B;MBiBQM Q7 i?2 >2 #m`MBM; b?2HH i 2`Hv :" T?b2 M/ bm#b2[m2Mi `2@B;MBiBQM Q7 >
#m`MBM; b?2HH i hS@:" T?b2 H2/b iQ 7Q`KiBQM Q7 +B`+mKbi2HH` 2Mp2HQT2b rBi? `B+? iKQbT?2`2b
Q7 Mm+H2` T`Q+2bb2/ Kii2` G;/2+ 2i HX Ukyy8VX *@`B+? bi`b ?p2 2Mp2HQT2b +QKTQb2/ KBMHv Q7
kR RXeX .lah L. *>1JAah_u 6_PJ h>1 :" hP SL S>a1X
KQ`T?Qmb +`#QM r?BH2 P@`B+? bi`b ?p2 +B`+mKbi2HH` 2Mp2HQT2b `B+? BM bBHB+i2bX h?2b2 2Mp2HQT2b
mM/2`;Q  7m`i?2` +?2KB+H i`MbBiBQM BMiQ KQ`2 +QKTH2t Q`;MB+ KQH2+mH2b M/ BMQ`;MB+ bQHB/@bii2
+QKTQmM/bX AM ;2M2`H- bi`b BM  b?Q`i i`MbBiBQMH :"@SL T?b2 i?i Hbib #2ir22M 102 sim104
v2`b mM/2`;Q  T`Q+2bb Q7 +`vbiHHBbiBQM Q` `QKiBbiBQM 7Q`KBM; +`vbiHHBM2 UP@`B+?V 6B;m`2 RXN
M/ `QKiB+ U*@`B+?V 6B;m`2 RXRy bi`m+im`2bX h?2`27Q`2- i?2b2 ivT2 Q7 bi`b b2`p2 b H#Q`iQ`B2b 7Q`
bi`Q+?2KBbi`v- T`QpB/BM; +QMbi`BMb QM i?2 ;b@T?b2 M/ bQHB/ bii2 +?2KB+H KQ/2Hb Q#iBM2/ #v
Q#b2`piBQMH bim/B2b :`+ő@>2`MM/2x  JM+?/Q UkyReVX h?2 /2i2+iBQM Q7 T`2@aQH` ;`BMb BM
K2i2Q`Bi2b b r2HH b ?B;? /2mi2`BmK iQ ?v/`Q;2M `iBQ BM /mbi J2bb2M;2` UkyyyV bmTTQ`ib bi2HH`@aQH`
avbi2K ?vTQi?2bBb biiBM; i?i i?2 aQH` avbi2K Q#D2+ib +QMiBM T`BKQ`/BH Ki2`BH i?i ?p2 #22M
/2HBp2`2/ iQ i?2 bQH` M2#mH 7`QK bi`bX
h?2 2pQHmiBQM Q7 i?2 *a1 /2T2M/b KBMHv QM i?2 bi`Ƕb +?2KBbi`v BX2 i?2 *fP `iBQX h?2 *@`B+? :"
C/O > 1V bi`b b?Qr KQ`T?Qmb +`#QM M/ Q`;MB+ bQHB/b rBi? KBt2/ `QKiB+fHBT?iB+ bi`m+im`2b
BX2 F2`Q;2M M/ +QH i?i T`QpB/2 bi`QM; /mbi 2KBbbBQMX AM i?2 p2`v Hi2 bi;2b Q7 :" 2pQHmiBQM-  bi`
/2p2HQTb  bmT2`@rBM/ rBi? 2ti`2K2 Kbb HQbbX h?2 ;b BM i?2 bi2HH` rBM/ +QM/2Mb2b b Bi +QQHb rv
7`QK i?2 bi`- 7Q`KBM; KQH2+mH2b bm+? b ri2` H2O M/ bBHB+QM KQMQtB/2 aBPX h?Bb +M 7Q`K ;`BMb
Q7 /mbi- KQbiHv bBHB+i2b- r?B+? Q#b+m`2 i?2 bi` i b?Q`i2` rp2H2M;i?b- H2/BM; iQ  bi`QM; BM7``2/
bQm`+2X >v/`QtvH UP>V `/B+Hb +M #2 T`Q/m+2/ #v T?QiQ/BbbQ+BiBQM Q` +QHHBbBQMH /BbbQ+BiBQMX H2O
M/ P> +M #Qi? #2 TmKT2/ iQ T`Q/m+2 Kb2` 2KBbbBQMX P> Kb2`b BM T`iB+mH` +M ;Bp2 `Bb2 iQ
 TQr2`7mH Kb2` +iBQM i ReRk J>x M/ i?Bb Bb `2;`/2/ b  /2}MBM; 72im`2 Q7 i?2 P>fA_ bi`b
i?i `2 mMmbmHHv #`B;?i i M2`@BM7``2/ rp2H2M;i?bX JMv Qi?2` :" bi`b bm+? b JB` p`B#H2b
b?Qr r2F2` P> Kb2`b i Qi?2` rp2H2M;i?b- bm+? b Reed J>x Q` kk J>xX
* `B+? bi`b BM TQbi@:" T?b2 `2 `2MQrM 7Q` i?2 mMB[m2 kR µm 72im`2 i?i ?b MQi #22M b22M
2Hb2r?2`2 BM i?2 AaJ i?i Bb 2Bi?2` /m2 iQ  bQHB/ bm#biM+2 Q` KMv Qi?2` TQbbB#H2 +M/B/i2b bm+?
b KQ`T?Qmb +`#QM U>*V ;`BMb- MMQ/BKQM/b- ?v/`Q;2Mi2/ 7mHH2`2M2b- M/ hB* MMQ+Hmbi2`b X
h?2 /2i2+iBQM Q7 i?2b2 * #2`BM; +QKTQmM/b bm;;2bib i?i +QKTH2t Q`;MB+ KQH2+mH2b `2 7Q`K2/ Qp2`
i?2 b?Q`i SSL HB72iBK2 M/ Bb #2HB2p2/ iQ QMb2i i i?2 Hi2 :" T?b2 rBi? 7Q`KiBQM Q7 +2ivH2M2X 
jy µm 72im`2 Bb HbQ +QKKQM 7Q` * `B+? SSL rBi?  +``B2` #2BM; 2Bi?2` bQHB/ J;a rBi? M Hi2`MiBp2
#2BM;  +`#QM+2Qmb Ki2`BH ErQF Ukyy9VX AM ;2M2`H *@`B+? SSL b?Qr KQH2+mH` #bQ`TiBQM #M/b
Q7 C2- C2 M/ CNX
P `B+? SSL b?Qr KQ`2 `2bi`B+i2/ +?2KBbi`v M/ `2 B/2MiB}2/ #v i?2 T`2b2M+2 Q7 i?2 NXd µm M/ R3
µm KQ`T?Qmb bBHB+i2 72im`2X PHBpBM2 M/ Tv`Qt2M2 +`vbiHHBM2 bBHB+i2b ?p2 HbQ #22M 7QmM/X h?2
NXd µm 72im`2 BM SSL Bb Km+? H2bb T`QKBM2Mi +QKT`2/ iQ :" bi`b /m2 iQ i?2 /2+HBM2 BM /mbi
kk RXdX a*A1L*1 :PGa
i2KT2`im`2X "Qi? SSL M/ SL +QMiBM bi`QM; BM7``2/ 72im`2b i jXj- e-k- dXd- 3Xe- M/ RRXj µm i?i
Bb ii`B#mi2/ iQ `QKiB+ C−H- C− C #2M/b M/ bi`2i+?2b- FMQrM b i?2 `QKiB+ BM7``2/ #M/b
UA"V- ?Qr2p2` i?2b2 72im`2b }`bi 2K2`;2 BM SSLX h?2 A" #M/b mM/2`;Q  +?2KB+H 2pQHmiBQM
i?`Qm;?Qmi i?2 SSL bi;2X h?2 2pQHmiBQM `2bmHib BM i?2 r2F2MBM; Q7 i?2 jXj M/ eXN µm 72im`2b
bm;;2biBM;  +?M;2 7`QK HBT?iB+ iQ `QKiB+ bi`m+im`2b- i?i Bb  +QMb2[m2M+2 Q7 T?QiQ+?2KBbi`v
r?2`2 i?2 QMb2i Q7 lo `/BiBQM i SL bi;2 `2bmHib BM #QM/ KB;`iBQMb M/ i`Mb7Q`KiBQM BMiQ `BM;
bvbi2KbX PM i?2 Qi?2` ?M/- i?2 r2F2MBM; Q7 RkXR- RkX9 M/ RjXj µm Bb  `2bmHi Q7 ?v/`Q;2M HQbb i?i
`2bmHib BM `QKiB+ `BM;b i?i `2 KQ`2 bi#H2 +QKT`2/ iQ HFM2b Q` HF2M2bX
RXd a+B2M+2 :QHb
Pp2`HH- TSL T`2b2Mib  #`Q/ `M;2 Q7 BMp2biB;iBQMb M/ `2 +?`+i2`Bb2/ #v KbbBp2 KQH2+mH` M/
/mbi b?2HHb i?i `2 i?2 `2bmHi Q7 :" Kbb HQbb ErQF URNNjVX qBi?BM i?2 2ti2M/2/ +B`+mKbi2HH`
2Mp2HQT2- Q#b2`piBQMH bim/B2b ?p2 `2p2H2/ FBM2KiB+b Q7 i?2 KQH2+mH` Qmi~Qrb HQ+iBM; ?B;? p2@
HQ+Biv #BTQH` ~Qrb `2+?BM; mT iQ 100 km s−1 PHQ7bbQM  LvKM URNNNVX CO 2KBbbBQM Q#b2`piBQMb
/2i2+i2/ H`;2 [mMiBiB2b Q7 KQH2+mH` ;b `M;BM; #2ir22M 0.1 ∼ 1M! "mD``#H  S`/Q UkyydV BM
 H`;2 7`+iBQM U2/3V Q7 BMp2biB;i2/ TSL2X h?2 2KBbbBQM Q7 i?2`KH /mbi M/ `2~2+i2/ bi` HB;?i 7`QK
S`QiQTHM2i`v L2#mH mM+Qp2` M Q#b2`piBQMH rBM/Qr i bm#KBHHBK2i`2- KBHHBK2i`2 M/ +2MiBK2i`2
rp2H2M;i?b- `2p2HBM; T`QT2`iB2b bm+? b FBM2KiB+b Q7 rBM/b- bT+BH /Bbi`B#miBQM Q7 Ki2`BH M/
/mbi ;`BM T`QT2`iB2bX h?2 `2bmHiBM; 72im`2b Q7 BMp2biB;i2/ TQbi@:" Qmi~Qrb `2 /2T2M/2Mi QM
i?2 Mim`2 Q7 i?2 BMi2`+iBM; rBM/b M/ i?2 bi`m+im`2 Q7 i?2 K#B2Mi K2/BmKX P#b2`piBQMH bim/@
B2b ?p2 /2i2+i2/ MmK2`Qmb KQH2+mH` ?v/`Q;2M 2Mp2HQT2b bm``QmM/BM; TQbi@:" bi`bX JQH2+mH`
`Q@pB#`iBQMH H2 i`MbBiBQMb Q++m` i M2` BM7``2/ rp2H2M;i?b ∼ 2µm HQ+i2/ BM i?2 E@#M/ M/
#2+QK2 /2i2+i#H2 /m2 iQ 2t+BiiBQM bQm`+2X AM +b2 Q7 7bi +QHHBKi2/ rBM/b- i?2 i`MbBiBQM Bb +mb2/
#v TbbBM; b?Q+F rp2bX
h?2 KBM +?`+i2`BbiB+b Q7 7bi b?Q+Fb Bb i?2B` #BHBiv iQ /BbbQ+Bi2 i?2 H2 i?i Bb BM ?B;? #mM/M+2
bm``QmM/BM; i?2 TQbi@:" bi`bX AM i?Bb `2b2`+? r2 KQ/B7v p2`bBQM jX8 Q7 w1la@j. U/x2mbj8V ~mB/
+Q/2 rBi? KQH2+mH` +?2KBbi`v i?i Bb /2b+`B#2/ #v i?2 }`bi i?`22 `2+iBQMb Q7 +QHHBbBQMH /BbbQ+BiBQM
BM i?2 TT2M/Bt " #v aKBi?  _Qb2M UkyyjVX h?2 +QHHBbBQMH /BbbQ+BiBQM `i2b 7Q` +?2KB+H `2+iBQMb
Bb /2i2`KBM2/ #v a?TB`Q  EM; URN3dVX  b2KB@BKTHB+Bi +QQHBM; +?2KBbi`v bi2T Bb 2KTHQv2/ iQ
+H+mHi2 i?2 i2KT2`im`2 M/ i?2 KQH2+mH` H2 7`+iBQM iFBM; TH+2 BM i?Qb2 /BbbQ+BiBp2 `2+iBQMbX
h?2 +QHHBbBQMH /2@2t+BiiBQM `i2b 7Q` `2bmHiMi HBM2 2KBbbBQM Bb T`QpB/2/ #v G2TT  a?mHH URN3jVc
a?mHH  "2+FrBi? URN3kVc >QHH2M#+?  J+E22 URNdNVX h?2 BMi2`MH 2M2`;v 2[miBQM ?b #22M Hi2`2/
kj RXdX a*A1L*1 :PGa
iQ BM+Hm/2 M //BiBQMH +QQHBM; i2`K #v a?TB`Q  EM; URN3dV 7`QK i?2 /BbbQ+BiBQM Q7 KQH2+mH`
?v/`Q;2MX iQKB+ `2+QK#BMiBQM HBM2b Q7 (OA- Hα- [Si II] M/ [Fe II] r2`2 HbQ ;2M2`i2/ #b2/ QM
`i2 +Q2{+B2Mib #v _2vMQH/b URN3NVc .QM;  .`BM2 UkyRRVc _2vMQH/b URN3NVc aKBi? URNN9#VX h?2
BK Q7 i?Bb b2i@mT rb iQ `2@+`2i2 i?2 M2`@BM7``2/ M/ QTiB+H 2KBbbBQM HBM2b Q7 TSL #v ;2M2`iBM;
bvMi?2iB+ ~mt KTbX h?2 ~mt MHvbBb i /Bz2`2Mi rp2H2M;i?b ?2HT [mMiB7v i?2 Q`B;BM Q7 i?2 `2bmHiMi
2KBbbBQM M/ Kv bm;;2bi b2H2+iBQM +`Bi2`B 7Q` M2r bm`p2vbX AM Q`/2` iQ ;2M2`i2 i?2 `2bmHiMi KTb-
i?2 `2b2`+? rb #b2/ QM irQ KBM +QKTQM2Mib, i?2 ?B;? `2bQHmiBQM ?v/`Q/vMKB+b #v /x2mbj8 i?i
2M#H2b iQ T`QpB/2 //BiBQMH }M2 bi`m+im`2- ++m`i2 b?Q+F T?vbB+b- i?i ?2HT i`+2 2tT2HH2/ b?2HH
2pQHmiBQM 7Q` /Bz2`2Mi +?2KB+H rBM/ M/ K#B2Mi +QKTQbBiBQMbX a2+QM/ +QKTQM2Mi Bb rBi? KQH2+mH`
+?2KBbi`v M/ +QQHBM; i?i +bib K+`Qb+QTB+ p`B#H2b 7`QK ?B;? `2bQHmiBQM `/BiBp2 b?Q+Fb i?i
2M#H2b iQ ;2M2`i2 bvMi?2iB+ ~mt KTb M/ So /B;`KbX h?2`2 Bb  H`;2 +QK#BMiBQM Q7 KQ/2Hb
/Bb+mbb2/ BM /2iBH ?2`2, URV i?2 rBM/ 2HHBTiB+Biv Bb p`B2/ i?`Qm;? M MBbQi`QTB+ rBM/ bT22/ rBi?
THM2@tBb bT2+i URV i?2 rBM/ 2HHBTiB+Biv Bb p`B2/ i?`Qm;? M MBbQi`QTB+ rBM/ bT22/ rBi? THM2@tBb
bT2+i `iBQb Q7 R,R- R,k- M/ R,9- UkV i?2 tBH bT22/ Q7 i?2 rBM/ Bb iF2M b bHQr Vw = 80 km s−1-
K2/BmK 140 km s−1- Q` 7bi 200 km s−1- M/ UjV i?2 rBM/ M/ K#B2Mi K2/BmK +M #Qi? 2Bi?2` #2
KQH2+mH` Q` iQKB+X AM i?2Q`v- i?2 T`iB+mH` b2i mT Q7 i?2 +Q/2 2M#H2b mb iQ bBKmHi2 TSL2 Qmi~Qrb
M/ Mbr2` i?2 7QHHQrBM; [m2biBQMb,
Ç Zm2biBQM, q?i Bb i?2 +mb2 Q7 H2 2t+BiiBQM QM TQbBiBQM- r?i Bb i?2 i`B;;2` 7Q` Bib /Bbi`B#miBQM
BM M 2HHBTiB+H b?T2\
J2i?Q/, M /2[mi2 rBM/ b?2HH `2bQHmiBQM ?b #22M mb2/ iQ i`+2 H2 /BbbQ+BiBQM M/ b?2HH
7`;K2MiiBQM BMiQ `/BH +QK2i`v@b?T2/ T`Qi`mbBQMbX
_2bmHi, 6Q`KiBQM Q7 r2F Q#HB[m2 b?Q+Fb i HH HQ+iBQMb Q7 T`Qi`mbBQMb vB2H/b  +QMbiMi
2→ 1 S(1)/1→ 0 S(1) H2 `Q@pB#`iBQMH HBM2 7`+iBQM i?i 2tTHBMb r?v KQH2+mH` +QMi2Mi Bb
7QmM/ i i?2 #2K Q7 TSL Qmi~QrbX
Ç Zm2biBQM, q?i `2 i?2 iBK2b+H2b 7Q` /BbbQ+BiBp2 KQH2+mH` rBM/b `2HiBp2 iQ TSL2 Qmi~Qr
KQ/2H\
J2i?Q/, h`+BM; i?2 `2bmHiMi KQH2+mH` 7`+iBQM `2HiBp2 iQ rBM/ p2HQ+Biv- 2HHBTiB+Biv M/ +QK@
TQbBiBQM KQ/2Hb mbBM; //2/ KQH2+mH` +?2KBbi`v `2+iBQMb 2pHmi2/ rBi? +QHHBbBQMH /BbbQ+BiBQM
`i2bX
_2bmHi, >B;?2` rBM/ b?2HH p2HQ+BiB2b `2 H2 /BbbQ+BiBp2X aT?2`B+H KQ/2H Bb KQbi /BbbQ+BiBp2 i
k9 RXdX a*A1L*1 :PGa
?B;? rBM/ p2HQ+BiB2b /m2 iQ BbQi`QTB+ p2HQ+Biv }2H/X AM+`2b2 BM 2HHBTiB+Biv `2bmHib BM HQr2` `/BH
p2HQ+BiB2b M/ KQH2+mH` 7`+iBQMX
Ç Zm2biBQM, q?i Bb i?2 +QMi`B#miBQM iQ 2KBbbBQM T`Q/m+2/ #v 7Q`r`/f#+Fr`/ b?Q+F\
J2i?Q/, AMTmi /2MbBiv Q7 K#B2Mi Bb +QM};m`2/ iQ Ki+? i?2 rBM/ /2MbBiv i Rfk Q7 tBH ;`B/
2ti2MiX h?Bb b2i@mT 2M#H2b i?2 7Q`r`/f#+Fr`/ b?Q+F iQ p`v BM bi`2M;i?X JQH2+mH` +QQHBM;
#b2/ QM +QHHBbBQMH /BbbQ+BiBQM `i2b 2M#H2b bvMi?2iB+ ~mt KT ;2M2`iBQM M/ 2pHmiBQM Q7
HBM2 2KBbbBQM bi`2M;i?X
_2bmHi, h?2`2 Bb MQ bB;MB}+Mi /2T2M/2M+2 QM KQ/2H ivT2 7i2` i?2 BMBiBH #HbiX  `M;2 Q7 rBM/
bT22/b vB2H/b +QMbiMi 2→ 1 S(1)/1→ 0 S(1) H2 HBM2 `iBQ yXR ∼ yXk /m2 iQ Q#HB[m2 b?Q+Fb i HH
HQ+iBQMbX
Ç Zm2biBQM, q?i Bb i?2 ?v/`Q/vMKB+ M/ bT2+i`Qb+QTB+ /Bz2`2M+2 #2ir22M KQH2+mH` M/ iQKB+
rBM/ KQ/2Hb\
J2i?Q/, 1pHmiBQM M/ +QKT`BbQM Q7 ?v/`Q/vMKB+H M/ bT2+i`Qb+QTB+ 2pQHmiBQM Q7 /Bz2`2Mi
rBM/ KQ/2Hb #b2/ QM T`2bbm`2 U+QK#BM2/ b?Q+F2/ Hv2`bV- /2MbBivUBKK2/Bi2 b?Q+F 7`QMiV M/
i2KT2`im`2 /B;`Kb +QmTH2/ rBi? bvMi?2iB+ 2KBbbBQM HBM2 KTb M/ So /B;`KbX h?2 k. ;`B/
Bb +QM};m`2/ rBi? +vHBM/`B+H ;2QK2i`vX h?Bb +QM};m`iBQM 2M#H2b iQ i`MbHi2 i?2 /Bbi`B#miBQM
Q7 k. ;`B/ HBM2 ~mt pHm2b QM iQ  +vHBM/`B+H ;`B/ i?mb +`2iBM; ǶTb2m/Q@j.Ƕ T`QD2+iBQM rBi? i?2
HBM2 Q7 bB;?i b  mb2` p`B#H2X
_2bmHi, h?2 2z2+i Q7 bi`QM; KQH2+mH` +QQHBM; BM b?Q+F2/ xQM2 T`QKQi2b ;`Qri? Q7 T`Qi`mbBQMb
i?i T`QKQi2 i?2`KH M/ ?v/`Q/vMKB+H BMbi#BHBivX h?2 b?Q+F bm`7+2 BM KQH2+mH` KQ/2Hb
Bb MQi bKQQi? #mi `Qm;? M/ #`QF2M /QrM BMiQ  H`;2 iQiH `2 Q7 r2F Q#HB[m2 b?Q+FbX h?2
b?Q+F bT22/ #2;BMb iQ Qb+BHHi2 M/ T`Q/m+2 Hv2`b Q7 bi`QM; +QQHBM; i?i T`QT;i2 7`QK i?2
b?Q+F 7`QMi iQr`/ i?2 BMi2`7+2X h?2 BMi2`+iBQM Hv2` #2ir22M `2p2`b2 M/ 7Q`r`/ b?Q+F Bb
HKQbi irB+2 b i?B+F BM KQH2+mH` KQ/2Hb +QKT`2/ iQ Tm`2 iQKB+ H rBM/fK#B2Mi +b2 /m2
iQ bi`QM;2` HQ+H T`2bbm`2 M/ /2MbBiv p`BiBQMbX *QKT`2bbBQMb- ``27+iBQMb M/ bm#@b?Q+Fb
7Q`K T`Qi`mbBQMb BM b?T2 Q7 }M;2`b `2 7Q`K2/ BM KQH2+mH` KQ/2Hb r?2`2 +QH/ /2Mb2 Hv2`b `2
2M+QKTbb2/ #v r`K `2;BQMb rBi? bi`QM; b?Q+Fb +QM}M2/ iQ i?2 iBTbX AM +b2 Q7 Tm`2 iQKB+
KQ/2H rBi? MQ H2 T`2b2Mi BM rBM/ M/ K#B2Mi- i?2 ;b +Q``2bTQM/b KQ`2 +Q?2`2Mi iQ bm//2M
+?M;2b- i?2 b?2HH Bb MQi 7`;K2Mi2/- M/ Bb /QKBMi2/ #v _vH2B;?ĜhvHQ` BMbi#BHBiv `2bmHiBM;
BM B``2;mH` Tii2`M +QMiBMBM; FMQib M/ }HK2Mib rBi?BM  bHQrHv i?B+F2MBM; im`#mH2Mi Hv2`X
k8 RXdX a*A1L*1 :PGa
Ç Zm2biBQM, q?i `2 i?2 bbmKTiBQMb M/ +Q/2 HBKBiiBQMb Q7 i?2 MmK2`B+H bim/v\
GBKBiiBQMb, q?2M Ki+?BM; i?2 MmK2`B+H `2bmHib iQ Q#b2`piBQMb- HBKBiiBQMb BKTQb2/ QM bBK@
mHi2/ T?vbB+b M/ /vMKB+b Bb iF2M BMiQ ++QmMi BM Q`/2` iQ b2i i?2 #QmM/`B2b rBi?BM r?B+?
i?2 ;2M2`i2/ `2bmHib M/ i?2 `2H /i +M #2 +QKT`2/X PM2 Q7 bm+? HBKBiiBQMb Bb +vHBM/`B+H
bvKK2i`v i?i BM~m2M+2b ;`Qri? Q7 T2`im`#iBQMb M/ ?Qr }M;2`b TT2` BM T`QD2+iBQMX q2
HbQ bbmK2 MQ #+F;`QmM/ `/BiBQM M/ MQ T?QiQ#bQ`TiBQM- i?mb BKTHvBM; M QTiB+HHv i?BM
K2/BmKX
Ç Zm2biBQM, *QKT`BbQM iQ Q#b2`piBQMb\
_2bmHi, >B;? HBM2 `iBQb #2ir22M 0.3 ∼ 0.5 r2`2 /2i2+i2/ BM L:* deek- M/ Bi rb T`QTQb2/ i?i
i?2 2KBbbBQM Bb BM/m+2/ #v lo 7`QK i?2 +2Mi`H bi`X >Qr2p2` i?2 `2bmHib +QKTmi2/ BM i?Bb rQ`F
7QmM/ i?i BbQHi2/ ?Qi b?Q+F xQM2b +M T`Q/m+2 bBKBH` pHm2b i 2`Hv bi;2b Q7 2tTMbBQMX h?2
KQH2+mH` bBKmHiBQMb ?2`2 ;2M2`i2 i?2 bK2 KQ`T?QHQ;B+H bi`m+im`2b Q7 b?2HH /BbBMi2;`iBQM-
bBKBH` iQ +QK2i`v b?T2/ FMQib U*EV Q` /2Mb2 ;HQ#mH2b 7QmM/ BM ?B;? `2bQHmiBQM BK;2b Q7 i?2
>2HBt M/ 6`B2/ 1;; M2#mHX h?2 T`2b2M+2 Q7 KQH2+mH2b BM  /2Mb2- M2mi`H ;HQ#mH2 ?b #22M
Q#b2`p2/ BM i?2 >2HBt M2#mH M/ KQH2+mH` 7Q`KiBQM ?b #22M BMp2biB;i2/ #v >Qr2 2i HX
URNN9V M/ biiBM; i?i BMbi#BHBiB2b i?i +`2i2 H`;2 7`;K2MiiBQMb BM i?2 b?2HHb `2KBM BMiQ
i?2 SL T?b2X h?2 rQ`F #v >Qr2 2i HX URNN9V bm;;2bib i?i i?2 /mbiv 105 to 106 km s−1 +QH/
10− 25K +HmKTb `2 BM T`2bbm`2 2[mBHB#`BmK rBi? i?2 BQMBb2/ ;bX h?2`27Q`2 i?2 KQH2+mH2b BM
i?2b2 FMQib `2 b?B2H/2/ 7`QK T?QiQ/BbbQ+BiBQM M/ biv BMi+i /2bTBi2 i?2 lo `/BiBQMX
*QM+HmbBQM, h?2 bT2+B}+ +b2 bim/B2/ ?2`2 +Q``2bTQM/b iQ 2HHBTiB+H rBM/b Q7 ?B;? Kbb Qmi~Qr
BMiQ biiBQM`v- mMB7Q`K- /2Mb2 K#B2Mi K2/BmKX h?2 T`QTQbBiBQM Bb i?i i?2 b?2HHb Kmbi #2
i2KTQ``v- Qi?2`rBb2 B7 i?2v biv2/ BMi+i r?BHbi 2tTM/BM;- i?2 T`2bbm`2 rQmH/ /`QT M/ i?2
b?2HH Ki2`BH rQmH/ #2 bm#D2+i2/ iQ i?2 `/BiBQM 7`QK i?2 AaJ H2/BM; iQ /BbbQ+BiBQM Q7 +QKTH2t
+?2KBbi`vX h?2 `2bmHib 7`QK i?Bb `2b2`+? bm;;2bi i?i T`iBHHv KQH2+mH` b?2HHb `2 MQi mMB7Q`K-
i?2v /BbBMi2;`i2 BMiQ T`Qi`m/BM; }M;2`b M/ HQQb2 i?2B` BMi2;`BivX h?2 H2 Bb +QMb2`p2/ /m2 iQ
b?2HH /BbBMi2;`iBQM M/ 7Q`KiBQM Q7 r2F Q#HB[m2 b?Q+Fb i?i T`iBHHv /BbbQ+Bi2 KQH2+mH`
+QMi2Mi i i?2 iBTb Q7 +QK2i`v b?T2/ T`Qi`mbBQMbX h?Bb Bb BM +QMi`bi rBi? r`K iQKB+ b?2HHb
i?i `2KBM BMi+iX h?Bb T`QpB/2b pBiH +Hm2b #Qmi ?Qr +`#QM M/ Qi?2` ?2pv Ki2`BHb `2
i`Mb72``2/ M/ `2@mb2/ BM lMBp2`b2X Pm` +BpBHBbiBQM ?TT2Mb iQ 2tBbi r?2`2 i?2 ;2M2`iBQM Q7
`2+v+H2/ Ki2`BH Bb i Bib ?B;?2biX h?Bb Bb T`Q##Hv MQ +QBM+B/2M+2X
ke RX3X h>1aAa PlhGAL1
RX3 h?2bBb PmiHBM2
AM i?Bb i?2bBb r2 T`2b2Mi MmK2`B+H bim/B2b Q7 BMi2`+iBQM Q7 rBM/b rBi? KQH2+mH` 2MpB`QMK2Mi
T`2b2Mi BM S`QiQTHM2i`v M2#mHbX
*?Ti2` R, SQbi@:" ai`b M/ qBM/b
.2b+`BTiBQM Q7 HQr@iQ BMi2`K2/Bi2 Kbb bi`b 2pQHmiBQM M/ b+B2M+2 ;QHbX
*?Ti2` k, S?vbB+b M/ JQ`T?QHQ;v Q7 SSL Qmi~Qrb
a?Q+F rp2b  2KBbbBQM b2[m2M+2- :Aaq KQ/2H- SSL KQ`T?QHQ;v- bT2+i`Qb+QTv M/ ;H+@
iB+ /Bbi`B#miBQMX
*?Ti2` j, qBM/ S`K2i2`b  *Q/2 /TiiBQMb
.2b+`BTiBQM Q7 `/BiBp2 HQb2b pB +QQHBM; K2+?MBbKb- H;Q`Bi?K BKTH2K2MiiBQM rBi? w1la@
j.X
*?Ti2` 9, JQH2+mH` *QQHBM;  iQKB+ _2+QK#BMiBQM
amKK`v Q7 E@#M/ M/ QTiB+H BMi2;`iBQM `QmiBM2bX
*?Ti2` 8, >v/`Q/vMKB+H  GBM2 1KBbbBQM aim/v
_2bmHib Q7 KQH2+mH` 7`+iBQMb M/ BMi2;`i2/ 2KBbbBQM So KTbX
*?Ti2` e, .Bb+mbbBQM
*?Ti2` d, *QM+HmbBQMb  6mim`2 rQ`F
TT2M/Bt , TSL2 Kbb@HQbb KQ/2H T`K2i2`b
TT2M/Bt ", GBbi Q7 +QQHBM; `i2b
TT2M/Bt *, 1[miBQMb Q7 ?v/`Q/vMKB+b
TT2M/Bt ., k. +`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 TSL2
"B#HBQ;`T?v
kd RX3X h>1aAa PlhGAL1
6B;m`2 RXN, IRAS 09371 + 1212 FMQrM b 6`Qbiv G2Q L2#mH- mMmbmHHv HQ+i2/ i 900 pc #Qp2 i?2 THM2 Q7
i?2 :Htv BM i?2 +QMbi2HHiBQM Q7 G2Q- mMB[m2 /m2 iQ /22T B+2 #bQ`TiBQM #M/ M2` 3.1µm :2#HH2 2i HX URN33VX
h?2 TB+im`2 Bb  +QK#BMiBQM Q7 eye MK QTiB+H M/ 3R9 MK BM7``2/ #M/X AK;2 +`2/Bi 1af>m##H2  LaX
6B;m`2 RXRy, CRL618, IRAS 04395 + 3601- i?2 +2Mi`H bi` Bb +QM+2H2/ #v i?2 M2#mH- M/ Bb 2D2+iBM; /2Mb2
KQH2+mH` ;b rBi?  i2`KBMH p2HQ+Biv Q7 ∼ 200 km s−1 *2`MB+?`Q 2i HX URN3NVX h?2 TB+im`2 BM+Hm/2b +QK#BM@
iBQM Q7 2tTQbm`2b Q7 89d MK- eye MK- edj MK- e83 QTiB+H M/ N8j MK BM7``2/ bT2+i`mK- b?QrBM; i?2 /BK ;HQr
+QKBM; 7`QK i?2 2H2K2Mib BM i?2 +HQm/X AK;2 +`2/Bi 1af>m##H2  LaX
*?Ti2` k
S?vbB+b M/ JQ`T?QHQ;v Q7 SSL
Qmi~Qrb
kXR a?Q+F rp2  1KBbbBQM b2[m2M+2
E@#M/ H2 2KBbbBQM- T`2b2Mi2/ BM i?Bb rQ`F Bb +QKTmi2/ rBi? +QHHBbBQMH /2@2t+BiiBQM b+2M`BQ
/`Bp2M #v C@b?Q+F 2MpB`QMK2MiX h?2 b?Q+F2/ Qmi~Qrb `2p2H i?2 TSL M2#mH pB KQH2+mH`
2KBbbBQM BM i?2 M2`@BM7``2/ #M/X  +QKKQM T?vbB+H T?2MQK2M BM i?2 BMi2`bi2HH` K2/BmK
Bb b?Q+F rp2b- r?B+? Bb  +QMb2[m2M+2 Q7 bmT2`bQMB+ KQiBQM i?i 2t+22/b i?2 p2HQ+Biv Q7 bQmM/
BM i?2 bm``QmM/BM; K2/BmKX h?Bb `2bmHib BM i?2 mTbi`2K Ki2`BH MQi #2BM; #H2 iQ `2bTQM/
/vMKB+HHv iQ i?2 b?Q+F2/ Ki2`BH #27Q`2 Bi ``Bp2bX h?2 T?vbB+H +QM/BiBQMb 7Q` b?Q+F `2
/2`Bp2/ 7`QK  `TB/ +?M;2 BM ;b K+`Qb+QTB+ T`QT2`iB2b, T`2bbm`2- /2MbBiv- M/ i2KT2`im`2X
h?2 b?Q+F2/ K2/BmK mM/2`;Q2b +QKT`2bbBQM- ?2iBM; M/ ++2H2`iBQMX h?2 TQbi@b?Q+F +QQHBM;
Bb +``B2/ i?`Qm;? 2KBbbBQM Q7 HBM2 T?QiQMb- r?B+? 7m`i?2` +QKT`2bb2b i?2 K2/BmKX a?Q+F rp2b





, v > cs, UkXRV
r?2`2 v Bb i?2 p2HQ+Biv Q7 i?2 b?Q+F2/ Ki2`BH- cs Bb i?2 bT22/ Q7 bQmM/ BM i?2 bm``QmM/BM;
K2/BmK- α Bb i?2 QT2MBM; M;H2 Q7 i?2 `2bmHiBM; #Qrb?Q+F B7 v > csX 6B;m`2 kXR b?Qrb  T`QT@
;iBM; bQmM/ rp2 i`p2HHBM; i /Bz2`2Mi p2HQ+BiB2bX lTQM 2t+22/BM; i?2 i?`2b?QH/ pHm2 Q7
i?2 bQmM/ bT22/- i?2 bBMmbQB/H Tii2`M Bb /2bi`Qv2/- `2bmHiBM; BM  /Bb+QMiBMmBiv- Q` bBKTHv 
b?Q+F rp2X M BM+`2b2 BM 2Mi`QTv Q++m`b Qp2`  M2`Hv BM}MBi2bBKH `2;BQMX h?2 `2;BQM Bib2H7
k3
kN kXkX C@a>P*E
6B;m`2 kXR, G27i, *`2iBQM Q7  b?Q+F rp2X _B;?i, S`2bbm`2 p2`bmb 1/ρ THQi- `2;BQMb R- k M/ j +Q``2bTQM/ iQ
i?2 H#2HH2/ iBK2 t1, t2, t3 TQbBiBQMb LQ`KM  qBMFH2` URN38VX
Bb +QMbi`m+i2/ rBi?  +QMi`QH pQHmK2 2bi#HBb?2/ `QmM/ i?2 b?Q+F rp2 rBi? irQ /BbiBM+i xQM2b
HHQ+i2/ b, TQbi M/ T`2@b?Q+F bB/2bX lTQM `2+2BpBM; i?2`KH 2M2`;v- T`iB+H2b KQp2 iQ M
/B#i Q7 ?B;?2` 2M2`;vX h?Bb T`Q+2bb Bb ;Qp2`M2/ #v i?2 `2HiBQMb?BT #2ir22M i?2 irQ bii2b
QM #Qi? bB/2b Q7 i?2 b?Q+F rp2- i?2 _MFBM2@>m;QMBQi DmKT +QM/BiBQMbX h?2 BMi2`bi2HH` b?Q+Fb
`2 bTHBi BMiQ irQ ivT2b, CmKT C@b?Q+Fb M/ *QMiBMmQmb *@b?Q+FbX
kXk C@a?Q+F
AM +b2 Q7 7bi C@a?Q+Fb- i?2 ;b Bb bm#D2+i2/ iQ  bm//2M ?Hi M/ Bb ?2i2/ iQ ?B;? i2KT2`im`2X
b  `2bmHi- BMbB;MB}+Mi `/BiBp2 +QQHBM; M/ MQM@`/BiBp2 `2HtiBQM +M iF2 TH+2X h?Bb
`2bmHib BM i?2 b?Q+F 7`QMi #2BM; Km+? i?BMM2` +QKT`2/ iQ i?2 TQbi@b?Q+F `2HtiBQM Hv2`X h?2
+QQHBM; iBK2 Bb Km+? b?Q`i2` i?M i?2 2pQHmiBQM iBK2- R Q` Ry v2`b +QKT`2/ iQ ∼ 103 v2`bX
am#b2[m2MiHv- i?2 i?B+FM2bb Q7 b?Q+F Bb bKHH +QKT`2/ iQ ?v/`Q/vMKB+H H2M;i? b+H2bX h?2
2[miBQMb Q7 2M2`;v- KQK2MimK M/ Kbb `2 +bi BM i2`Kb Q7 DmKT +QM/BiBQMb i?i `2Hi2 i?2 T`2@
b?Q+F M/ TQbi@b?Q+F [mMiBiB2b Q7 p2HQ+Biv- /2MbBiv M/ i2KT2`im`2X bbmKBM; ?QKQ;2M2Qmb
+QM/BiBQMb mTbi`2K M/ bi2/v BMD2+iBQM ~Qr- BX2 MQ bHQrBM; /QrM Q7 ;b b Bi ~Qrb i?`Qm;?
i?2 TQbi@b?Q+F +QQHBM; xQM2X h?2 2[miBQMb Q7 Kbb- KQK2MimK M/ 2M2`;v iF2 7Q`K Q7 DmKT
_MFBM2@>m;QMBQi +QM/BiBQMb- `2HiBQMb i?i ?QH/ i  /Bb+QMiBMmBiv Q` BX2 #`mTi +?M;2X ai`iBM;
rBi? i?2 +QMb2`piBQM Q7 Kbb ~mt Q` +QMiBMmBiv- BX2 i?2 Kbb ~Qr T2` mMBi `2 Kmbi ?QH/ Qp2`
i?2 +QMi`QH pQHmK2 i?i BM+Hm/2b i?2 b?Q+FX 1z2+ib Q7 pBb+QbBiv `2 M2;HB;B#H2 QM i?2 b+H2b H`;2`
i?M i?2 K2M 7`22 Ti?- ?2M+2 i?2 DmKT +QM/BiBQMb /Q MQi BM+Hm/2 pBb+QbBiv i2`KbX *QMbB/2`BM;
jy kXkX C@a>P*E
 T`QT;iBM; b?Q+F rp2 BM i?2 `2bi 7`K2 Q7 i?2 b?Q+F BX2 +QMi+i /Bb+QMiBMmBiv- i?2 mMb?Q+F2/
K#B2Mi ;b ρa TT`Q+?2b 7`QK i?2 TQbBiBp2 `/BH /B`2+iBQM rBi? p2HQ+Biv Vw − U b T`2b2Mi2/
BM 6B;m`2 jXj KQpBM; 7bi2` i?M Bib bQmM/ bT22/ M/ Tbb2b i?`Qm;? i?2 b?Q+FX
Ĝ S`2@b?Q+F +QM/BiBQMb, ρ0 = ρa- v0- T0 = Ta- P0 = PaX
Ĝ SQbi@b?Q+F +QM/BiBQM, ρ1 > ρ0- v1 < v0- T1 > T0X





h?2 BM+QKBM; K#B2Mi Ki2`BH TT`Q+?2b i?2 +QMi+i /Bb+QMiBMmBiv rBi? rBM/ b?2HH bT22/ U -
b T`2b2Mi2/ BM 6B;m`2 jXj- ?2M+2 i?2 T`2@b?Q+F ;b p2HQ+Biv #2+QK2b




r?2`2 p2HQ+BiB2b `2 K2bm`2/ BM i?2 `272`2M+2 7`K2 Q7 i?2 i2`KBMH b?Q+F- ?2M+2 Vw Bb i?2
mMb?Q+F2/ rBM/ BMTmi p2HQ+Biv M/ Vw Bb i?2 7Q`r`/ b?Q+F rBM/ p2HQ+BivX h?2 Kbb 2Mi2`BM;
i?2 b?Q+F 7`QMi T2` mMBi iBK2 ?b KQK2MimK (ρ0v0)v0 M/ rBHH 2K2`;2 rBi? KQK2MimK (ρ1v1)v1X
*QMb2`piBQM Q7 KQK2MimK `2bmHib BM
ρ0v0





h?2 7Q`+2 Qp2` mMBi Q7 `2- BX2 i?2 T`2bbm`2 Q7 i?2 b?Q+F 7`QMi Bb PX h?2 Qp2`HH T`2bbm`2 i2`K
Bb i?2 bmK Q7 K;M2iB+ B2/8pi- i?2`KH ρkT/µ- r?2`2 µ Bb i?2 K2M Kbb- M/ Qi?2` T`2bbm`2
i2`Kb U+QbKB+ `vb- 2i+VX h?Bb rQ`F +QMbB/2`b QMHv i?2 +QMi`B#miBQM 7`QK i?2 i?2`KH +QKTQM2Mi
M/ B;MQ`2b Qi?2` T`2bbm`2 i2`Kb UMQ K#BTQH` /BzmbBQM 7`QK K;M2iB+ }2H/bV- i?2`27Q`2 b2iiBM;
mT i?2 +QM/BiBQM iQ ++QKKQ/i2  C@b?Q+F i`MbBiBQMX h?2 2M2`;v ~mt +QMb2`piBQM +QM+Hm/2b
 b2i Q7 _MFBM2@>m;QMBQi +QM/BiBQMb- r?2`2 i?2 2M2`;v E0 Q7 i?2 ;b 2Mi2`BM; i?2 b?Q+F 7`QMi
















i?2 }`bi M/ b2+QM/ #`+F2i2/ i2`Kb biM/ 7Q` i?2 FBM2iB+ M/ BMi2`MH 2M2`;v /2MbBiv `2bT2+iBp2Hv
1[miBQM kXk9- #Qi? T2` mMBi KbbX h?2 2M2`;v /Bz2`2M+2 Bb 2[mH iQ i?2 rQ`F /QM2 T2` mMBi
jR kXkX C@a>P*E
`2 #v i?2 b?Q+F 7`QMi U+QQHBM; Bb mMBKTQ`iMiV
E1 − E0 = P0v0 − P1v1, UkXeV























6Q` M B/2H ;b- i?2 BMi2`MH 2M2`;v T2` mMBi pQHmK2 Bb- BX2 BMi2`MH 2M2`;v /2MbBiv






M/ usp Bb BMi2`MH 2M2`;v T2` mMBi Kbb- BX2 bT2+B}+X Ai Bb TQbbB#H2 iQ 2tT`2bb i?2 TQbi@b?Q+F
pHm2b BM i2`Kb Q7 T`2@b?Q+F BMTmi T`K2i2`bX "2;BMMBM; rBi? i?2 2tT`2bbBQM 7Q` T`2 M/ TQbi@
b?Q+F p2HQ+Biv +QKTQM2Mib BM i2`Kb Q7 i?2`KQ/vMKB+ p`B#H2b M/ +QK#BMBM; 2[miBQMb Q7















i?2 bm#b+`BTi j = 0 or 1X h?2 #Qp2 2tT`2bbBQM Bb bm#biBimi2/ BMiQ 2M2`;v 2[miBQM iQ ;2i i?2




(γ − 1)ρ0 − (γ + 1)ρ1





(γ − 1)P1 − (γ + 1)P0
(γ − 1)P0 − (γ + 1)P1 UkXRRV





























[(γ − 1)M2 + 2][2γM2 − (γ − 1)]
(γ + 1)2M2 UkXR8V














































hB2H2Mb Ukyy8VX S`QT2`iB2b Q7 b?Q+Fb,
Ĝ AM +b2 Q7 Tm`2 /BiQKB+ ;b 7Q` 2tKTH2 H2- i?2 bT2+B}+ ?2i `iBQ Bb γ = 7/5 b M→∞-
i?2 ;b KtBKmK +QKT`2bbBQM `iBQ Bb ρ2/ρ1 = 6.
Ĝ h?2 J+? MmK#2` #27Q`2 M/ 7i2` i?2 b?Q+F Bb bm+? i?i M1 > 1 M/ M2 < 1 `2bT2+iBp2HvX
Ĝ  T`+2H Q7 ;b bm#D2+i2/ iQ b?Q+F BM+`2b2b Bib 2Mi`QTv- KFBM; Bi M 2t+HmbBp2 `2;BQM BM
bT+2 r?2`2 ;b T`+2Hb mM/2`;Q 2Mi`QTv BM+`2b2X
1Mi`QTv Bb  K2bm`2 Q7  bvbi2KǶb i?2`KH 2M2`;v T2` mMBi i2KT2`im`2 i?i Bb mMpBH#H2
7Q` /QBM; mb27mH rQ`FX qQ`F Bb Q#iBM2/ 7`QK Q`/2`2/ KQH2+mH` Q` iQKB+ KQiBQM- i?2`27Q`2
i?2 KQmMi Q7 2Mi`QTv Bb HbQ  K2bm`2 Q7 i?2 KQH2+mH`fiQKB+ /BbQ`/2`- Q` `M/QKM2bb Q7 
bvbi2KX
jj kXjX :Aaq JP.1G
kXj :Aaq JQ/2H
h?2 7bifbHQr SL Qmi~Qrb `2 /2b+`B#2/ BM i?2Q`v #v i?2 :2M2`HBx2/ AMi2`+iBM; ai2HH` qBM/b
KQ/2H U:AaqV i?i rb HbQ TTHB2/ iQ TSL rBM/b M/ `2bmHi2/ BM KBbKi+? rBi? Q#b2`piBQMH
/i /m2 iQ KQK2MimK 2t+2bbX h?2 /2TB+iBQM Q7 i?2 T`Q#H2K BM :Aaq Bb b2i rBi? i?2 7bi bi2HH`
rBM/ BMi2`+iBM; rBi? M Qmi2` bHQr2` rBM/- 2M#HBM; i?2 /2p2HQTK2Mi Q7 irQ Hv2`b Q7 b?Q+F2/
;b b2T`i2/ #v  +QMi+i /Bb+QMiBMmBivX hQ bBKTHB7v i?2 bQHmiBQM Q7 i?2 b2i Q7 ?v/`Q/vMKB+b
2[miBQMb- i?2 `i2 Q7 Kbb HQbb Bb  +QMbiMi [mMiBiv 7Q` 2+? rBM/X h?2 bQHmiBQM iQ i?2
?v/`Q/vMKB+ 2[miBQMb 7Q`  #Hbi rp2 rBi?  H2/BM; b?Q+F 7`QMi rb +QMbB/2`2/ #v S`F2`
URNeRV- *?2pHB2`  AKKm` URN3jV /2`BpBM; b2H7@bBKBH` bQHmiBQMb 7Q`  ρ ∝ r−2 rBM/ /2MbBiv
T`Q}H2X
h?2 Kbb@HQbb `i2 /`Bp2M #v bmT2`bQMB+ bT?2`B+H Qmi~Qrb BM :" bi`b `2+?2b mT iQ∼ 10−4M! yr−1
JKQM 2i HX URN33V M/ Bb +?`+i2`Bb2/ #v /mbiv- bHQr rBM/ Q7 i?2 Qmi2` b?2HH- 2tTM/BM; i
10 ∼ 16 km s−1 GQmT 2i HX URNNyV vB2H/BM; +QKKQM 2tTMbBQM p2HQ+Biv T`Q}H2 pHm2b 7Q` M :"Ƕb
+B`+mKbi2HH` 2Mp2HQT2X qBi?BM i?2 *a1- i?2`2 Bb  `2;BQM Q7 i?2 *6q KQpBM; i ∼ 103 km s−1
M/  HQr2` Kbb@HQbb `i2 Q7 10−6M! yr−1 >m`i2@1bTBMQb 2i HX UkyRkVX h?2 `2bmHiBM; TSL2
Bb 7Q`K2/ r?2M i?2 7bi +QHHBKi2/ rBM/ +i+?2b mT rBi? T`2pBQmbHv 2D2+i2/ bHQr :" rBM/-
/`BpBM;  b?Q+F2/ b?2HH i?`Qm;? Bi b b?QrM BM 6B;m`2 kXkX
h?2 `2;BQM Q7 BMi2`+iBQM #2ir22M i?2 `/BiBp2Hv /`Bp2M :" rBM/ M/ *6q KQp2b i +QMbiMi
p2HQ+Biv *?2pHB2`  AKKm` URN3jVX h?2 T`Q+2bb Q7 BMi2`+iBQM Bb +?`+i2`Bb2/ rBi? b2H7@
bBKBH` bQHmiBQMb i?i /2i2`KBM2 i?2 p2HQ+Biv Q7 i?2 b?2HH M/ i?B+FM2bb Q7 BMi2`+iBM; rBM/bX h?2
bQHmiBQMb Q7 i?Bb ivT2 /2`Bp2  MmK#2` Q7 T`QT2`iB2b T`2b2Mi BM TSL- BM T`iB+mH` i?2 2tBbi2M+2
Q7 KQH2+mH` ;bX
bbmKBM;  b2i mT 7Q` bBM;mH` rBM/ rBi? bT?2`B+H bvKK2i`v #Qmi i?2 +2Mi`2 Q7 i?2 bi` rBi?
`/BH p2HQ+Biv /Bbi`B#miBQM M/ M2;H2+iBM; bi2HH` ;`pBiiBQMH }2H/- i?2 2[miBQMb Q7 ?v/`Q/v@





































q?2`2 u Bb i?2 `/BH p2HQ+Biv- /2MbBiv ρ- M/ T`2bbm`2 p M/ γ Bb i?2 bT2+B}+ ?2i `iBQX "v
j9 kXjX :Aaq JP.1G



















hrQ bi2HH` Qmi~Qrb 7Q`K M BMi2`+iBM; rBM/b bi`m+im`2 i?i Bb +?`+i2`Bb2/ #v M˙2- v2- c2 7Q`
7bi rBM/ M/ M˙1-v1- M/ c1 7Q` bHQr rBM/X q?2`2 c1 M/ c2 `2 i?2 ;b bQmM/ bT22/bX h?2
/2MbBiv Q7 i?2 rBM/ Bb /2b+`B#2/ rBi? A1r−2 M/ A2r−2 7Q` Qmi2` M/ BMM2` rBM/b `2bT2+iBp2Hv-
r?2`2 ρA = M˙/vX h?2 irQ Hv2`b Q7 b?Q+F2/ ;b b2T`i2/ #v  +QMi+i /Bb+QMiBMmBiv i Rc Bb
+mb2/ #v i?2 BMi2`+iBQM Q7  7bi- i2MmQmb rBM/ M/ Qmi2`- bHQr2` /2Mb2 rBM/X h?Bb FBM/ Q7
/Bb+QMiBMmBiv Bb +HH2/  b?Q+FX h?2 2tTHB+iBQM Q7 i?Bb T`Q#H2K bi`m+im`2 Bb ;Qp2`M2/ #v b2H7@










(γ − 1)M21 + 2
UkXkeV





2γM21 − γ + 1
γ(γ + 1)
UkXkdV
i?2 J+? MmK#2` M∈ BM i2`Kb Q7 M∞










2 + (γ − 1)M21





= 1− (1− b1)2γM
2
1 − γ + 1
γ(γ + 1)
UkXjyV
M/ b1 = v1/s1- s1 Bb i?2 p2HQ+Biv Q7 i?2 Qmi2` b?Q+FX h?2 2[miBQMb Q7 ?v/`Q/vMKB+b +M #2
`2T`2b2Mi2/ #v  bvbi2K Q7 Q`/BM`v /Bz2`2MiBH 2[miBQMb P.1Ƕb 7Q` P- U b 7mM+iBQMb Q7 ηX h?2b2
+QM/BiBQMb #Qp2 2M#H2 i?2 bBKBH`Biv 2[miBQMb iQ #2 BMi2;`i2/ iQ i?2 +QMi+i /Bb+QMiBMmBiv
Ubm#b+`BTi cV- r?2`2 U(ηc) = 1X h?2 p`B#H2b Q7 bBKBH`Biv 7Q` T`Q;`2bbBp2 rp2 i`2iK2Mi `2
2bi#HBb?2/ #v *Qm`Mi  6`B2/`B+?b URN93V HQM; rBi? i?2 #QmM/`v +QM/BiBQMb 7`QK GM/m 
j8 kX9X qAL. GlL*>AL: J1*>LAaJX
GB7b?Bix URN8NVX
η = tr−λ = t/r UkXjRV










AM i?2 bBKmHiBQMb ;2M2`i2/ BM i?Bb rQ`F- r2 bi`i Qz rBi? i?2 bmT2`bQMB+ Qmi~Qr BX2 i?2 +QH@
HBKi2/ 7bi rBM/ i?i ;2ib b?Q+F2/- M/ 2tTM/b BMiQ mMB7Q`K K#B2Mi K2/BmK r?B+? Bb bi@
iBQM`vX h?Bb MmK2`B+H b2i mT /Q2b MQi BMpQHp2 b2H7@bBKBH` bQHmiBQMb- rBi? b1 = 0- `2T`2b2MiBM;
 i?B+F b?Q+F2/ Hv2`X >Qr2p2`-  KQ`2 `2HBbiB+ bBKmHiBQM Q7 TSL 2MpB`QMK2Mi `2[mB`2b M
BM+HmbBQM Q7  :" rBM/ i?i Bb 7QHHQr2/ #v i?2 +QHHBKi2/ 7bi rBM/ H2/BM; iQ i?2 BMi2`+iBQM
`2;BQM #2ir22M i?2 irQ rBM/b rBi? 2+? rBM/ +?`+i2`Bb2/ #v  +QMbiMi Kbb HQbb `i2X >2M+2-
i?2 M2ti bi2T iQ mM/2`iF2 BM i?Bb `2b2`+? Bb i?2 BMD2+iBQM Q7 M BMi2`+iBM; *6q rBi? :" rBM/X
kX9 qBM/ HmM+?BM; K2+?MBbKX
h?2 BMi2`+iBQM Q7 TQbi@:" D2ib +QHHB/BM; rBi? bHQrHv 2tTM/BM; :" ?HQ `QmM/ +2Mi`H bi`b
H2/b iQ 2ti`2K2 +?M;2 BM bT?2`B+H KQ`T?QHQ;v Q7 2Mp2HQT2b- 7Q`KBM; KmHiBTQH` Q` #BTQH`
HQ#2bX h?2 #Qp2 b?TBM; K2+?MBbKb ?p2 #22M +?2+F2/ #v Q#b2`pBM; KMv #BTQH` TSLb
BM QTiB+H >`BpMF 2i HX UkyyyV- BM7``2/ UA_V E2HHv  >`BpMF UkyyjV- M/ `/BQ rp2H2M;i?b
.2+QM 2i HX Ukyy9V- M/ i2bi2/ #v ?v/`Q/vMKB+H bBKmHiBQMb >m`i2@1bTBMQb 2i HX UkyRkVX
kX9XR _/BiBQM T`2bbm`2 pb P#b2`p2/X
h?2 7bi TSL rBM/b `2[mB`2 2M2`;v M/  /`BpBM; K2+?MBbK iQ i`Mb72` 2M2`;v BMiQ +QHHBKi2/
Qmi~QrbX _/BiBQM T`2bbm`2 i?i /`Bp2b i?2 :" rBM/ +MMQi #2  bQm`+2 Q7 2M2`;v 7Q` *6q
BM SSLX 21/23 TSLb BMp2biB;i2/ #v "mD``#H 2i HX UkyyRV- BM *P T`2b2Mi2/ BM h#H2 kXR
b?Qr HBM2` KQK2MimK Π 2t+2bb +``B2/ #v KQH2+mH` Qmi~Qrb- BM bQK2 +b2b ∼ 103 ;`2i2`
i?M T`2/B+i2/ #v :Aaq- r?B+? bbmK2b  `/BiBQM /`Bp2M rBM/X h?2 KQK2MimK +``B2/ #v





je kX9X qAL. GlL*>AL: J1*>LAaJX
h#H2 kXR, *H+mHiBQM Q7 i?2 Kbb- KQK2MimK M/ FBM2iB+ 2M2`;v 7Q` i?2 bQm`+2b Q#b2`p2/ BM *P #v "mD``#H
2i HX UkyyRVX
 T?QiQM 2M2`;v /BpB/2/ #v i?2 bT22/ Q7 HB;?i +Q``2bTQM/b iQ i?2 HB;?iǶb KQK2MimKX h?2 iQiH
KQK2MimK Q7 T?QiQMb 2KBii2/ #v  bi` T2` mMBi Q7 iBK2 Bb 2[mH iQ i?2 bi2HH` HmKBMQbBiv
/BpB/2/ #v i?2 bT22/ Q7 HB;?i (L∗/c)X h?2 HmKBMQbBiv L∗ 2KBii2/ /m`BM; i?2 TSL HB72iBK2 ∆t





M 2tKTH2- bm+? KQK2MimK 2t+2bb Π& (L∗/c)∆t- Bb Q#b2`p2/ BM SSLM1− 92 rBi? /i 7`QK
h#H2 kXR i?i b?Qrb i?2 KQK2MimK +``B2/ #v i?2 KQH2+mH` Qmi~Qr Bb∼ 3× 1039 gmcm s−1- i?2
+2Mi`H bi` 2KBib L∗ = 4× 1037 erg s−1X _2``M;BM; 7Q` SSL HB72iBK2 vB2H/b∼ 4× 1034 gmcm s−1
v2`Hv KQK2MimK iQ #2 +QMbiMiHv bmTTHB2/ 7Q` ∼ 105 v2`bX AM +QKT`BbQM- i?2 /vMKB+H rBM/
jd kX9X qAL. GlL*>AL: J1*>LAaJX
M/ bi2HH` 2pQHmiBQM iBK2b `2 ∼ 104 yr 7Q` :"- ∼ 103 yr 7Q` SSL M/ ∼ 104 yr 7Q` SL ErQF
Ukyy9VX bbmKBM; i?i Qp2`HH TSL tBH ~Qrb `2 i?2 `2bmHi Q7 i?2 ++2H2`iBQM KQ/2H BM U:AaqV
Q7 bHQr :" rBM/ M/ +QHHBKi2/ 7bi Qmi~Qrb rBi? TQbi@:" Ki2`BH M/ Qmi2` :" ?HQ #v
b?Q+F BMi2`+iBQM- `/BiBQM T`2bbm`2 rQmH/ ?p2 iQ QT2`i2 i Km+? HQM;2` iBK2b+H2b ∆t- i?M
TSL HB72iBK2 iQ bmTTQ`i i?2 Q#b2`p2/ HBM2` KQK2MimK Π #v CO T`Q}H2b- r?2`2 KQbi Q7 i?2 ;b
BM TSL2 Qmi~Qr Bb BM  +QH/ KQH2+mH` bii2 Q7 10 ∼ 20K b Q#b2`p2/ #v KQH2+mH` HBM2b M/ 
Km+? bKHH2` 7`+iBQM Q7 ?Qi b?Q+F2/ ;b Q#b2`p2/ BM M2`@A_ #M/X >2M+2-  `/BiBQM /`Bp2M
KQ/2H Bb mMi2M#H2 b  bQm`+2 Q7 TSL2 Qmi~Qrb M/ Qi?2` KQ/2Hb bm+? b i?2 J;M2iB+ hQr2`
M/ J;M2iQ@+2Mi`B7m;H HmM+?BM; UJ*GV ?p2 #22M  iQTB+ 7Q` BMp2biB;iBQMX
kX9Xk J;M2iB+ hQr2`  J;M2iQ@+2Mi`B7m;H GmM+?X
:b ~QrBM; 7`QK QM2 +QKTQM2Mi Q7 i?2 +QMi+i #BM`v iQ MQi?2` ?b  bB;MB}+Mi KQK2Mi Q7
`QiiBQM /m2 iQ Q`#BiH KQiBQMX h?2`27Q`2- ;b T`iB+H2b +MMQi 7HH `/BHHv QMiQ  bi`- BMbi2/-
i?2v KQp2 `QmM/ Bi BM E2TH2`BM Q`#BibX b  `2bmHi Q7 i?Bb KQiBQM-  ;b /BbF Bb 7Q`K2/ r?2`2
i?2 /BbF p2HQ+Biv /Bbi`B#miBQM Kmbi +Q``2bTQM/ iQ E2TH2`Ƕb Hrb, Hv2`b HQ+i2/ +HQb2` iQ i?2 bi`
rBHH ?p2 ?B;?2` p2HQ+BiB2b +QKT`2/ iQ Qmi2` Hv2`bX >Qr2p2`- 7`B+iBQM #2ir22M i?2 ;b Hv2`b-
H2/b iQ i?2B` p2HQ+BiB2b #2BM; 2[mHBx2/- rBi? i?2 BMM2` Hv2`b i`MbKBiiBM; T`i Q7 i?2B` M;mH`
KQK2MimK iQ i?2 Qmi2` Hv2`bX b  `2bmHi- i?2 BMM2` Hv2`b TT`Q+? i?2 bi` M/- mHiBKi2Hv-
7HH QM Bib bm`7+2X AM 7+i- i?2 i`D2+iQ`B2b Q7 BM/BpB/mH ;b T`iB+H2b ?p2 i?2 7Q`K Q7 bTB`Hb
i?i irBbi iQr`/ i?2 bi`X h?2 J;M2iQ@+2Mi`B7m;H GmM+? K2+?MBbK #v "HM/7Q`/  SvM2
URN3kV /2b+`B#2b  D2i HmM+? KQ/2H r?2`2 i?2 Qmi~Qr Bb HmM+?2/ 7`QK bm+? M ++`2iBQM /BbF
rBi? 2M2`;v M/ M;mH` KQK2MimK #2BM; `2KQp2/ 7`QK i?2 /BbF rBi? K;M2iB+ }2H/ HBM2b i?i
bi`i i i?2 /BbF bm`7+2 M/ 2ti2M/ iQ H`;2 /BbiM+2bX *HQb2 iQ +Q`QM- i?2 Qmi~Qr Bb /`Bp2M #v
;b T`2bbm`2 M/ K;M2iB+HHv /QKBMi2/ +Q`QM- r?2`2b i H`;2 /BbiM+2b 7`QK i?2 /BbF- i?2
iQ`QB/H K;M2iB+ }2H/ +QHHBKi2b i?2 Qmi~Qr BMiQ  TB` Q7 D2ib T`QT;iBM; T2`T2M/B+mH` iQ
i?2 /BbFX >Qr2p2`- bBM+2 i?2 J*G KQ/2H ?b #22M i?2Q`2iB+HHv /2b+`B#2/ M/ TTHB2/ iQ  H`;2
MmK#2` Q7 j. K;M2iQ?v/`Q/vMKB+ UJ>.V bBKmHiBQMb Q7 ++`2iBQM /BbFb M/ bi`QT?vbB+H
D2ib- i?2 HmM+?BM; K2+?MBbK biBHH `2KBMb +QMi`Qp2`bBHX JBMHv /m2 iQ i?2 7+i i?i J*G
KQ/2H `2[mB`2b H`;2@b+H2 K;M2iB+ }2H/b T2`K2iBM; ++`2iBQM /BbFbX >Qr2p2`- bm+? }2H/b `2
MQi 2pB/2Mi BM p`BQmb bi`QT?vbB+H Q#D2+ib- M/ i?2B` Q`B;BM Bb MQi r2HH mM/2`biQQ/ EiQ UkyydVX
MQi?2` K2+?MBbK- i?2 K;M2iB+ iQr2` Bb T`QTQb2/ #v GvM/2M@"2HH URNNeV rBi? i?2 K;M2iB+-
MQi +2Mi`B7m;H 7Q`+2 i?i /`Bp2b M/ ++2H2`i2b i?2 ~QrbX h?2 K;M2iB+ iQr2` Bb /`Bp2M #v bi`QM;
K;M2iB+ T`2bbm`2- i?i ++2H2`i2b i?2 Qmi~Qr BM i?2 p2`iB+H /B`2+iBQM M/ #mBH/b mT - bQ@+HH2/-
j3 kX8X EAL1JhA* :"@SSL 1oPGlhAPL
iQr2` D2iX h?Bb K;M2iB+ D2i Bb /2`Bp2/ 7`QK p2`iB+HHv BM~iBM; iQ`QB/H }2H/b M/ +QMbBbib Q7
irQ +QKTQM2Mi bi`m+im`2,  K;M2iB+ T`2bbm`2 /QKBMi2/ THbK i?`2/2/ rBi? TQHQB/H }2H/b
UT2`T2M/B+mH` iQ ++`2iBQM /BbFV M/ i?2 D2i Bib2H7 Bb bm``QmM/2/ #v iQ`QB/H }2H/bX
MQi?2` BKTQ`iMi [mMiBiv i?i `Bb2b 7`QK i?2 KQK2MimK +``B2/ #v i?2 Qmi~Qrb Bb i?2
iBK2b+H2b 7Q` TQbi@:" rBM/ HmM+?BM; M/ TQbi@:"f:" rBM/b BMi2`+iBQMX  bim/v #v
"mD``#H 2i HX URNN3V 7Q` M1− 92 b?Qrb rBM/ BMi2`+iBQM Hbi2/ ∼ 100 yr rBi? i?2 mTT2`
HBKBi Q7 ∆t SSL HB72iBK2 ∼ 900 yr X h?Bb HQM; rBi? i?2 iQiH Kbb /2TQbBi2/ #v i?2 KQH2+mH`
Qmi~Qr BKTHB2b Kbb HQbb `i2b Q7 ∼ 10−5 Q` ∼ 10−4,M! yr−1 Kv MQi #2 mM+QKKQM 7Q` SSL
Qmi~Qrb 6`MF 2i HX UkyR3V- M/ `2 mb2/ BM i?Bb `2b2`+?X
kX8 EBM2KiB+ :"@SSL 1pQHmiBQM
h?`Qm;?Qmi i?2 :"@SL bi;2b i?2`2 `2 i?`22 /BbiBM+i Qmi~Qr T?b2b 2+? +?`+i2`Bb2/ #v
Kbb HQbb `i2 M/ 2tTMbBQM p2HQ+BivX h?2 }`bi T?b2 Bb i?2 :" rBM/X JBHHBK2i`2 Q#b2`piBQMb
rBi? *P HBM2b T`QpB/2 [mMiBiiBp2 `2bmHib 7Q` bvbi2KiB+ K2bm`2K2Mib Q7 M˙AGB ∼ 10−5M! yr−1
BM :" bi`b b?QrBM; KQbiHv bT?2`B+H M/ BbQi`QTB+ 2tTMbBQM Q7 Vexp ∼ 5− 25 km s−1 BM *a1
rBM/ T`QT2`iB2b >`BpMF 2i HX URN3NV- "mD``#H 2i HX UkyyRVX h?2 mMB7Q`K rBM/ i2KT2`im`2 Q7
500 E `2T`2b2Mib i?2 BMM2` `2;BQM Q7 i?2 2Mp2HQT2 >m`i2@1bTBMQb 2i HX UkyRkVX Jbb HQbb `i2b
#v :" bi`b b?Qr  bvbi2KiB+ BM+`2b2 b i?2v 2pQHp2 HQM; i?2 :" i`+F U#Qi? HmKBMQbBiv-
bBx2- M/ TmHbiBQMH +iBpBiv BM+`2b2 rBi? iBK2- r?BH2 i?2 +Q`2 Kbb /2+`2b2bVX h?2 Kbb HQbb
`i2 BM+`2b2 7QHHQrb rBi? i?2 2tBbi2Mb2 Q7  }MH bmT2`rBM/ K`FBM; i?2 i`MbBiBQM #2ir22M :"
M/ TQbi@:" T?b2X 6Q` i?2 +b2 Q7 bBKTH2` bi2/v bii2- bT?2`B+HHv bvKK2i`B+ Kbb Qmi~Qr-








q?2`2 mH2 Bb ∼ 3× 10−24 ;K- bBM+2 KQbi :" ;b 2Mp2HQT2b `2 BM KQH2+mH` 7Q`K Uh2vbbB2`
2i HX kyyeVX
h?2 b2+QM/ T?b2 Bb i?2 +QHHBKi2/ D2i Q` rBM/X h?Bb T?b2 Bb T`2b2Mi BM vQmM; SL2 Q` TSL
rBi? i?2 ;2M2`H bi`m+im`2 M/ /vMKB+b b?QrBM; tBH bvKK2i`v Q7 #BTQH` ~Qrb T2`T2M/B+mH`
iQ i?2 /BbF Q` iQ`mb- bm``QmM/2/ #v- M/ BMi2`+iBM; rBi?- T`2pBQmbHv 2D2+i2/ :" ?HQ /m`BM;
T?b2 QM2- /2TB+i2/ BM 6B;m`2 kXk U*_G eR3 rBM/ b+?2KiB+V M/ 6B;m`2 kXj U*_G eR3 H2
MmK#2` /2MbBivVX h?2 /BbF M/ ?HQ ?p2  bHQr 2tTMbBQM Q7 ∼ 10 km s−1 bBKBH` iQ :"
jN kX8X EAL1JhA* :"@SSL 1oPGlhAPL
/vMKB+bX h?2 /2Mb2 2[miQ`BH iQ`mb Kv ?2HT BM 7m`i?2` +QM}M2K2Mi Q7 7bi Qmi~Qrb Ua?B
h`m;2` RNN3VX h?2 *6qǶb p2HQ+Biv- i2KT2`im`2 M/ Kbb HQbb `i2 `2 30− 400 km s−1- 500
E M/ M˙ ∼ 5× 10−6M! yr−1(= 0.5 M˙AGB)- `2bT2+iBp2Hv >m`i2@1bTBMQb 2i HX UkyRkVX h?2b2
[mMiBiB2b `2 +QMbBbi2Mi rBi? KQK2MimK 2t+2bb Q#b2`p2/ BM #BTQH` Qmi~Qrb M/ +MMQi #2
2tTHBM2/ #v `/BiBQM T`2bbm`2 "mD``#H 2i HX UkyyRVX
h?2 i?B`/ Qmi~Qr T?b2 Bb i?2 SL 7bi rBM/ /2b+`B#2/ #v ErQF 2i HX URNd3V rBi? /2+`2bBM;
Kbb HQbb 7`QK 5× 10−7 iQ 5× 10−9M! yr−1 S2`BMQiiQ 2i HX Ukyy9V UM/ `272`2M+2b i?2`2BMVX
aBKmHiM2QmbHv- i?2 7bi rBM/ 2tT2`B2M+2b BM+`2b2 BM bT22/ 7`QK kyy iQ kyyy km s−1 iQ +QMb2`p2
i?2 rBM/Ƕb `K T`2bbm`2X h?2 #Qp2 i?`22 T?b2 bi`m+im`2 bBKmHiBQM #v >m`i2@1bTBMQb 2i HX
UkyRkV Bb +QKTH2K2Mi`v iQ i?2 :Aaq i?2Q`v rBi? BMD2+iBQM pHm2b ++QmMi#H2 7Q` KQK2MimK
2t+2bbX h?2 KQ/2Hb r2`2 #H2 iQ /2b+`B#2 KQ`T?QHQ;B2b T`2b2Mi BM SL M/ TSLX ai`iBM; rBi?
7bi bT?2`B+H rBM/ 2KMiBM; 7`QK i?2 +2Mi`H bi` /`BpBM; BMiQ  bHQr bT?2`B+H :" rBM/
`2bmHiBM; BM bT?2`B+H M2#mHX M 2HHBTiB+H THM2i`v M2#mH rBHH `2bmHi /m2 iQ BMi2`+iBQM Q7
+QHHBKi2/ TSL D2i rBi? bT?2`B+H :" Qmi~QrX 6BMHHv  7bi bT?2`B+H rBM/ BMi2`+iBM;
rBi? bT?2`B+H :" ?HQ rBHH `2bmHi BM bT?2`B+H M2#mH2 `2;`/H2bb Q7 2`HB2` BM+HmbBQM Q7 TSL
D2iX h?2 :Aaq i?2Q`v /2b+`B#BM; SL rBM/b 2pQHmiBQM Bb #`B2~v /2b+`B#2/ BM a2+iBQM kXkX h?2
Q#b2`piBQMH biiBbiB+b BM/B+i2 i?i UBV TT`QtBKi2Hv dy iQ NyW Q7 SSL M/ vQmM; SL `2
#BTQH` Q` KQ`2 +QKTH2t b?T2/ a?B  h`m;2` URNN3Vc a?B 2i HX UkyRRV- UBBV #Qmi kyW
Q7 Kim`2 /2p2HQT2/ SL `2 `QmM/- dyW `2 2HHBTiB+H M/ #Qmi RyW `2 #BTQH` S`F2` 2i HX
UkyyeVc JBbxHbFB 2i HX UkyyNVc G;/2+ 2i HX UkyRRV- i?2 SHM2i`v L2#mH AK;2 *iHQ;m2 Q7
"`m+2 "HB+FR- M/ `272`2M+2b i?2`2BMX JQ`2 BM7Q`KiBQM QM TSL KQ`T?QHQ;v Bb ;Bp2M BM a2+iBQM
kXjX
h?2 `2b2`+? +QM/m+i2/ BM i?Bb i?2bBb /Q2b MQi +Qp2` +QHHBKi2/ 7bi rBM/b 2tTM/BM; BMiQ i?2
T`2pBQmb n ∝ r−2 Qmi~QrX AMbi2/ r2 bBKmHi2 bBKTH2` KQ/2H rBi? *6q /`BpBM; BMiQ mMB7Q`K
2tBbiBM; K#B2Mi K2/BmK- `2H2pMi iQ Mv 2HHBTbQB/H rBM/ 2tTM/BM; BMiQ AaJX h?2 ;QH Q7 i?Bb
b2i mT Bb iQ /2i2`KBM2 i?2 }`bi TT`QtBKiBQM b2[m2M+2 Q7 H2 M/ QTiB+H 2KBbbBQMX
R?iiT,ffrrrXbi`QXrb?BM;iQMX2/mfmb2`bf#HB+FfSLA*f
9y kX8X EAL1JhA* :"@SSL 1oPGlhAPL
6B;m`2 kXk, a+?2KiB+ Q7 CRL618, IRAS 04395 + 3601 #v LFb?BK 2i HX UkyydVX "b2/ QM ?B;?@`2bQHmiBQM
BMi2`72`QK2i`B+ KTb- i?2 bTiBQ@FBM2KiB+ bi`m+im`2 Q7 /Bz2`2Mi KQH2+mH` +QKTQM2Mib Bb i`+2/ rBi? *P /i
#v aM+?2x *QMi`2`b 2i HX Ukyy9VX h?2 ``Qrb BM/B+i2 p2HQ+Biv }2H/ 7`QK /Bz2`2Mi rBM/b, URV @ :" ?HQ
/Bbi`B#mi2/ #v bHQr 17.5 km s−1 :" rBM/- UkV @ *6q #BTQH` Qmi~Qr 350 km s−1- UjV @ irQ FBM2KiB+H +QK@
TQM2Mib 2tTM/BM; i 22 km s−1- U9V @ /2Mb2- BMM2` iQ`mb@HBF2 +Q`2 2tTM/BM; i  p2HQ+Biv H2bb i?M 12 km s−1X
9R kX8X EAL1JhA* :"@SSL 1oPGlhAPL
6B;m`2 kXj, a+?2KiB+ /`rBM; Q7 i?2 /2MbBiv /Bbi`B#miBQM M/ p2HQ+Biv }2H/ Q7 i?2 KQH2+mH` 2Mp2HQT2 Q7 *_G
eR3 #v MmK2`B+H KQ/2H BM aM+?2x *QMi`2`b 2i HX Ukyy9VX h?2 THQi b?Qrb  +mi Q7 i?2 M2#mH #v  THM2 i?i
+QMiBMb i?2 HBM2 Q7 bB;?i M/ i?2 M2#mH bvKK2i`v tBbc i?2 MQ`i?@bQmi? /B`2+iBQM Bb T2`T2M/B+mH` iQ i?Bb THM2
UBX2X- Qmi Q7 i?2 TT2`VX h?2 ``Qrb `2T`2b2Mi i?2 p2HQ+Biv }2H/ BM i?2 M2#mHX h?2 +QKT+i +2Mi`H >AA `2;BQM
BM r?B+? i?2 KBHHBK2i2` +QMiBMmmK 2KBbbBQM `Bb2b Bb b?QrM b M 2HHBTiB+H b?2HHX
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 .Aah_A"lhAPL
kXe SSL2 aT2+i`Qb+QTv- PTiB+H JQ`T?QHQ;v-  .Bbi`B#miBQM
tBbvKK2i`v BM SL b22K iQ Q`B;BMi2 #27Q`2 i?2 T?QiQBQMBxiBQM bi;2X >m##H2 aT+2 h2H2b+QT2
U>ahV bm`p2vb `2p2H i?2 BMM2`KQbi bi`m+im`2 Q7 TSLb mbBM; ?B;? `2bQHmiBQM BK;BM; BM QTiB+H
#M/ Q7 /mbi b?2HHb +QKTQb2/ i?`Qm;?Qmi i?2 T?b2 Q7 bmT2`rBM/ Kbb HQbb l2i 2i HX Ukyyy#V
`2bmHiBM; BM KQ`T?QHQ;B+H +HbbB}+iBQM Q7 i?2 Q#D2+ib bim/B2/ BM h#H2 kX8X h?2 bm`p2v ;QH rb
BK2/ i Q#b2`pBM; i?2 +B`+mKbi2HH` KQ`T?QHQ;B2b Q`B;BMi2/ rBi? :" bmT2`rBM/ T?b2X h?2
Q#b2`piBQMb #v l2i 2i HX Ukyyy#V `2bmHi2/ BM i?2 +HbbB}+iBQM Q7 irQ /BbiBM+i ivT2b Q7 QTiB+H
KQ`T?QHQ;v BM SSL `2~2+iBQM M2#mHQbBiB2b- i?2 ai`@P#pBQmb GQr@H2p2H@1HQM;i2/ UaPG1V M2#@
mH2 M/ .lbi@S`QKBM2Mi GQM;Bim/BMHHv@1si2M/2/ U.lSG1sV M2#mH2X aPG1 bi`m+im`2 +Q`@
`2bTQM/b iQ iQ`QB/H ivT2 KB/@A_ 2KBbbBQM rBi? irQ 2KBbbBQM T2Fb K`FBM; i?2 HBK#@#`B;?i2M2/
iQ`mbX .lSG1s ivT2 bi`m+im`2 Bb `2Hi2/ iQ +Q`2f2HHBTiB+H ivT2 /mbi 2KBbbBQM +?`+i2`Bb2/ #v
+QKT+i- mM`2bQHp2/ +Q`2 rBi? #`Q/ THi2m- b?QrM BM 6B;m`2 kX9X aPG1 +QMiBM QTiB+HHv i?BM
/mbi b?2HHb M/ .lSG1s ivT2 M2#mHb 2M+QKTbb QTiB+HHv i?B+F b?2HHbX
kXeXR aT2+i`Qb+QTv
TSLb `2 +QMbB/2`2/ iQ ?p2  TQbi@:" bi`b 2z2+iBp2 i2KT2`im`2 #2ir22M i?Qb2 Q7 :" M/
*aSLX h?2 /Qm#H2@T2F2/ bT2+i`H 2M2`;v /Bbi`B#miBQM Ua1.bV 7i2` i?2 :" /mbi 2Mp2HQT2
/2i+?K2Mi bB;MB}2b M2mi`H M2#mHX "v +QKT`BbQM- i?2 SL Bb bB;MB}2/ #v bi`QM; HeI M/
HI `2+QK#BMiBQM HBM2bX uQmM; SL `2 +QMbB/2`2/ iQ ?p2 T`QT2`iB2b Q7 TSL b i?2v 2KBi
r2F `2+QK#BMiBQM HBM2b M/fQ` `/BQ +QMiBMmmK- bB;MB7vBM; i?2 #2;BMMBM; Q7 i?2 BQMBbiBQM
bi;2X AM ;2M2`H- Q#b+m`2/ bQm`+2b BM/B+i2 THM2 BM Q7 i?2 bFv Q`B2MiiBQM Q7 HQ#2b- r?BHbi
#`B;?i bQm`+2b bm;;2bi 7+2@QM Q`B2MiiBQM .pBb 2i HX UkyyjVX aT2+i`H 2M2`;v Bb /BbiBM+i 7Q`
#Qi? ivT2b Q7 TSLX aPG1 H2i i?2 bi2HH` 2KBbbBQM Tbb- +QMp2`iBM; bQK2 BMiQ i?2`KH /mbi
2KBbbBQMX .lSG1s M2#mH2 #bQ`# HH bi2HH` T?QiQMb 2t+2Ti b+ii2`2/ QM2bX  TQbi@:"
bi2HH` HmKBMQbBiv Q7 ∼ 104 L!- Bb TT`QtBKi2Hv ∼ 103 ?B;?2` +QKT`2/ rBi? i?2 HB;?i `2~2+i2/
#v i?2 M2#mH- i?2`27Q`2 KFBM; i?2 QTiB+HHv i?BM- bT?2`B+H aPG1 M2#mHb Q#b2`piBQMHHv
+?HH2M;BM; iQ BMp2biB;i2- b /2TB+i2/ BM 6B;m`2 kX9 UH27i@ aPG1 b+?2KiB+VX h?2 +2Mi`H bi`
Q7 #BTQH` .lSG1s M2#mH Bb Q#b+m`2/ #v i?2 QTiB+HHv i?B+F iQ`mb Q7 ;b M/ /mbi /`Bp2M #v
?B;?@/2MbBiv 2[miQ`BH rBM/ b?B2H/BM; i?2 ~mt 2KMiBM; 7`QK i?2 bi`X h?2 QTiB+HHv i?BM
HQ#2b Q7 *6q T2`T2M/B+mH` iQ i?2 `BM; +`2i2 #BTQH`fKmHiBTQH` bi`m+im`2 b?QrM BM 6B;m`2 kX9
U`B;?i@ .lSG1s b+?2KiB+VX h?2 bm``QmM/BM; ;b M/ /mbi 2Mp2HQT2 H2/b iQ `2~2+iBQM Q7 i?2
HB;?i 7`QK  HmKBMQmb 103 ∼ 104 E bi`X h?2 #mM/M+2 Q7 M2#mH` /mbi +QMbi`m+ib QTiB+HHv
7BMi TQbi@:" bi2HH` Q#D2+ib- ?Qr2p2` i?2v 2KBi bi`QM;Hv BM i?2 M2`@A_ T`i Q7 i?2 bT2+i`mK
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6B;m`2 kX9, UH27iV PTiB+HfKB/@A_ Qp2`Hv BK;2b M/ U`B;?iV  b+?2KiB+ Q7 aPG1 M/ .lSG1sX h?2 QTiB+H
/2Ti? Q7 bmT2`rBM/ b?2HHb /2i2`KBM2b i?2 KQ`T?QHQ;v Q7 SSL l2i 2i HX Ukyyy#VX
/m2 iQ i?2 :" KQH2+mH` 2MpB`QMK2Mi 2Mp2HQTBM; i?2 bi` #2BM; b?Q+F2/ #v i?2 +QHHBKi2/
7bi TSL rBM/bX pM /2` o22M 2i HX URN3NV B/2MiB}2/ 7Qm` ivT2b Q7 bT2+i`H 2M2`;v /Bbi`B#miBQMb
Ua1.bV 7Q` SSL2X hvT2 A +Q``2bTQM/b iQ  ~i bT2+i`mK 7`QK 9 iQ k8 µm rBi?  bi22T 7HH
Qz i b?Q`i rp2H2M;i?bX hvT2 AA ?p2  KtBKmK M2` k8 K M/  ;`/mH 7HH@Qz iQ b?Q`i2`
rp2H2M;i?bX hvT2 AAA ?p2  KtBKmK M2` k8 µm-  bi22T 7HH Qz i b?Q`i2` rp2H2M;i?b iQ
 THi2m #2ir22M R M/ 9 µmX hvT2 Ao ?p2 irQ /BbiBM+i KtBK- QM2 M2` k8 µm M/ i?2
b2+QM/ i H2bb i?M k µmX  MmK#2` Q7 BM/2T2M/2Mi bim/B2b b?Qrb i?i SSL `2 tBbvKK2i`B+
i?2`27Q`2 i?2 tBbvKK2i`v Q#b2`p2/ BM SL KB;?i HbQ T`2/i2 i?2 Q#b2`p2/ tBbvKK2i`v BM SSL
bi;2 M/ KQbi HBF2Hv Q`B;BMi2b i Hi2@:"- /m2 iQ :" T`Q/m+BM; bT?2`B+HHv bvKK2i`B+H
Qmi~QrbX h?2`2 Bb HbQ  TQbbB#H2 HBMF #2ir22M .lSG1s SSL2 M/ #BTQH` SL r?2`2b aPG1
KB;?i #2 T`2+m`bQ`b iQ 2HHBTiB+H SL #b2/ QM i?2B` /Bz2`2M+2b BM KQ`T?QHQ;B2b M/ ;H+iB+
?2B;?i /Bbi`B#miBQMbX
kXeXk :H+iB+ .Bbi`B#miBQM  "BM`Biv
Ai Bb bm;;2bi2/ i?i .lSG1s ivT2 M2#mH Q`B;BMi2b 7`QK ?B;? Kbb :" T`Q;2MBiQ`b /m2 iQ i?2
;H+iB+ /Bbi`B#miBQM Q7 TSL2X 6B;m`2 kXe b?Qrb i?2 ;H+iB+ /Bbi`B#miBQM Q7 326 KQbi HBF2Hv TSL2
+M/B/i2b T`QpB/2/ #v i?2 hQ`ȹM +iHQ;m2 ax+x2`# 2i HX UkyydVX b /2TB+i2/ BM 6B;m`2 kXe-
i?2 TSL2 HQr@HiBim/2 TQTmHiBQM TQBMib iQ ?B;?@Kbb T`Q;2MBiQ`b- /m2 iQ Q#b2`p2/ #b2M+2 Q7
?B;?@Kbb bi`b i ?B;? HiBim/2b 2t+2Ti `mMrv +b2bX 6B;m`2 kXd U()V /2TB+ib 25 H2 2KBii2`b-
/2}MBM; 8% Q7 TSL2b Qmi~Qrb b KQH2+mH` #2`BM;X h?2 KQbi HBF2Hv H2 2KBii2`b BM i2`Kb Q7
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6B;m`2 kX8, h?2 bT2+i`H 2M2`;v /Bbi`B#miBQMb 7Q` .lSG1s SSL- A_a RdR8y@jkk9 UH27iV M/ 7Q` aPG1 SSL
A_a Rd9jeY8yyj U`B;?iVX S?Q@ iQK2i`v /i `2 i?2 b[m`2b- bT2+i`Qb+QTv i?2 bQHB/ HBM2b M/ i?2 KQ/2H
T`2b2Mi2/ rBi? /b?2/ HBM2bX 6`QK J2BtM2` UkyyyVX
bT2+i`H +Hbb `2 B type bi`b- KQH2+mH` Qmi~Qrb ?TT2M BM  p`B2iv Q7 bT2+i`H ivT2b rBi? QM2
bB;MB}+Mi ;T i 10, 000KA type- i?i +Q``2bTQM/b iQ ++2H2`i2/ 2pQHmiBQM M/ bKHH pHm2 Q7
∆Menv/∆Teff "HQ2+F2` URNN8VX 6B;m`2 kXd U()- (2)V `2T`2b2Mib i?2 :H+iB+ /Bbi`B#miBQM Q7 H2
2KBiiBM; Qmi~Qrb ;BMbi 2MiB`2 TSL /Bbi`B#miBQMX h?2 +QMbi`BMib QM HiBim/2 7Q` H2 TSL2b `2
±20◦- M/ i?2 Qp2`HH TSL /Bbi`B#miBQM Bb KQ`2 2tTM/2/ i ∼ ±70◦X h?2 T2F BM HQM;Bim/2 7Q`
KQH2+mH` TSLb Bb i 60◦ − 100◦X AM ;2M2`H- TSL2 Q#D2+ib `2 HQ+i2/ i HQr :H+iB+ HiBim/2b
M2`- Q` BM i?2 :H+iB+ THM2X P#b2`piBQMH biiBbiB+b HbQ b?Qrb i?i #BTQH` SSL2 #2;BMb iQ
b?Qr H2 2KBbbBQM i KB/@: bT2+i`H ivT2b- r?2`2 i?2b2 vQmM; M2#mH2 i?2 KQH2+mH` HBM2b `2
2t+Bi2/ #v rBM/ BMi2`+iBQMb i i?2 2M/ Q7 #BTQH` HQ#2b rBi? r2F Q` #b2Mi BM7``2/ ~mt BM i?2
iQ`mb `2;BQMX PTiB+HHv i?BM aPG1 SSL2 /Q MQi b?Qr H2 HBM2 2KBbbBQM i i?2b2 2`Hv bT2+i`H
ivT2bX h?2`27Q`2- Bi Bb TQbbB#H2 i?i i?B+F /mbi iQ`mb T`2b2Mi BM .lSG1s ivT2 M2#mH KB;?i
+QHHBKi2 i?2 KQH2+mH` Qmi~Qrb T`2b2Mi BM #BTQH` M2#mHbX
MQi?2` BKTQ`iMi 7+iQ` i?i +M BM~m2M+2 i?2 Kbb HQbb BM 2pQHp2/ TQbi@:" bi`b Bb T`2b2M+2
Q7  +QKTMBQM bi`- BX2 #BM`BivX PM2 Q7 i?2 BKTQ`iMi [m2biBQMb iQ bF Bb /Q HH bvKK2i`B+
SSL i?i 7Q`K  KDQ`Biv BM i?2B` QrM +Hbb BMpQHp2 #BM`B2b\ lM7Q`imMi2Hv- Q#b2`piBQMH
biiBbiB+b +MMQi T`QpB/2 SSL #BM`Biv /i /m2 iQ QTiB+H `/BH@p2HQ+Biv K2bm`2K2Mib MQi
#2BM; bm++2bb7mH /m2 iQ TmHbiBQMH bi2HH` p`B#BHBivX
M BMi2`2biBM; +QKT`BbQM 72im`2 `Bb2b 7`QK SL2 ?pBM;  Km+? ?B;?2` 40% H2 2KBii2`b
EbiM2` 2i HX URNNeVX i }`bi TT`QtBKiBQM i?Bb Bb +QmMi2` BMimBiBp2 /m2 iQ i?2 7+i i?i
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h#H2 kXk, S`QiQTHM2i`v L2#mH` a?T2
*Hbb a?T2 W P#D2+ib
" "BTQH` k3W




a aTB`H `K jX9W
.i 7`QK >ah bm`p2vb Q7 RRN Q#D2+ib `2bmHiBM; BM 
/2iBH2/ KQ`T?QHQ;B+H +HbbB}+iBQM b+?2K2 a?B 2i HX
UkyRRVX
TSL ?p2 KQ`2 7pQm`#H2 +QQH2` i2KT2`im`2 iQ bmbiBM KQH2+mH` 2MpB`QMK2MiX >Qr2p2` i?Bb
+QmH/ #2 /m2 iQ b2H2+iBQM 2z2+i Q7 }M/BM; Qmi i?2 #`B;?i2bi H2 #2`BM; TSLX Ai Bb HbQ TQbbB#H2
i?i TSL ?p2 H2bb H2 2KBbbBQM QM p2`;2 +QKT`2/ iQ SL2 rBi? +QK#BM2/ +QMi`B#miBQM 7`QK
b?Q+F 2t+Bi2/ i`MbBiBQMb M/ lo ~mQ`2b+2M+2X MQi?2` TQbbB#H2 `2bQM r?v bQ HBiiH2 KQH2+mH`
2KBbbBQM Bb 7QmM/ BM TSL Bb /m2 iQ i?2 *6q #2BM; iQKB+ BM Mim`2X S2`?Tb i?2 H2 Bb QMHv
BM i?2 K#B2Mi- T`2pBQmbHv 2D2+i2/ Ki2`BH BM r?B+? Bi ?b ?/ iBK2 7Q` 7Q`KiBQM QM /mbiX
"mi #v i?2 iBK2 Bi ?b 2tTM/2/ Qmi iQ i?2 HQr2` /2MbBiv #B;;2` SL- 2tTQb2/ iQ i?2 lo 7`QK
bm``QmM/BM; ?Qi bi`b- i?2 H2 Bb /2bi`Qv2/f/BbbQ+Bi2/ #v i?2 lo `2bmHiBM; BM KQ`2 2KBbbBQM QM
p2`;2 +QKT`2/ iQ TSLX
Ĝ " "BTQH`, M2+2bbBii2b i?2 HQ#2b iQ #2 TBM+?2/@BM r?2`2 i?2v +QMM2+i rBi? i?2 rBbi `2;BQMX
Ĝ G *QHHBKi2/@HQ#2 TB`, bBKBH` iQ +Hbb@" U2t+2Ti MQ BM/B+iBQM Q7 TBM+?2/@BM TT2`M+2
i i?2 TQBMi r?2`2 i?2 HQ#2b DQBM i?2 rBbi `2;BQMVX
Ĝ J JmHiBTQH`, MQi Hrvb- #mi ;2M2`HHv /Bbi`B#mi2/ BM  TQBMi@bvKK2i`B+ 7b?BQM `QmM/
i?2 +2Mi`2X
Ĝ 1 1HQM;i2/, i?2 7QHHQrBM; KQ`T?QHQ;B+H 2pQHmiBQM " = G = 1 BM SL2 Kv `2bmHi b i?2
HQ#2b 7/2 `2HiBp2 iQ i?2 rBbi `2;BQMX
Ĝ _ _QmM/,  TSL M22/b T`2b2M+2 Q7 7bi rBM/ iQ +`p2  +pBiv M/ T`Q/m+2 b?2HH Q7 `2~2+i2/
HB;?i iQ #2 Q#b2`p#H2 b  TSL- ?2M+2 i?2`2 Bb  p2`v bKHH MmK#2` Q7 `QmM/ TSLbX TSL
/2p2HQTb `QmM/ b?T2 i Hi2 bi;2b i?`Qm;? `/BiBp2Hv /`Bp2M 7bi SL rBM/X
Ĝ a aTB`H `K, #BM`v BMi2`+iBQM +mb2b i?2 ;b 2D2+i2/ 7`QK i?2 TSL iQ +m`H Qmir`/b
9e kXeX SSL1 aS1*h_Pa*PSu- PShA*G JP_S>PGP:u-  .Aah_A"lhAPL
h#H2 kXj, JQ`T?QHQ;B+H +HbbB}+iBQM +Q/2b a?B 2i HX UkyydVX
iQr`/ i?2 bi`b +QKTMBQMX
*Hbb@" M/ +Hbb@G +M TT2` HBF2 +Hbb@1 /m2 iQ BMbm{+B2Mi M;mH` `2bQHmiBQM M/ mM@
7pQm`#H2 Q`B2MiiBQMX
9d kXeX SSL1 aS1*h_Pa*PSu- PShA*G JP_S>PGP:u-  .Aah_A"lhAPL
h#H2 kX9, S`QT2`iB2b Q7 S`2pBQmbHv P#b2`p2/- q2HH@_2bQHp2/ S`2THM2i`v L2#mH2 a?B 2i HX UkyydVX bT2+i`H
2M2`;v /Bbi`B#miBQMb Ua1.bV Q7  H`;2 7`+iBQM Q7 i?2b2 Q#D2+ib BM/B+i2  H+F Q7 ?Qi /mbi Uk8@Rk µm ~mt `iBQ
6k8f6Rk = R- BKTHvBM;  H+F Q7 /mbi ?Qii2` i?M ∼ 98y E M/ bm#b2[m2Mi +2bbiBQM Q7 i?2 /2Mb2 :" Kbb@HQbb
T`Q+2bb H2bb i?M  72r ?mM/`2/ v2`b ;QX
93 kXeX SSL1 aS1*h_Pa*PSu- PShA*G JP_S>PGP:u-  .Aah_A"lhAPL
h#H2 kX8, JQ`T?QHQ;v Q7 /2i2+i2/ TSLb- #v >m##H2 bm`p2v l2i 2i HX UkyyyVX JQ`T?QHQ;v +HbbB}+iBQM
a- *?2KB+H +QKTQbBiBQM Q7 S?QiQbT?2`2 M/ *a@*B`+mKbi2HH` b?2HH b- :H+iB+ HiBim/2 bc- mb2/ rBi? p2`;2
/BbiM+2 iQ i?2 Q#D2+i iQ 2biBKi2 i?2 :H+iB+ >2B;?i- zX
9N kXeX SSL1 aS1*h_Pa*PSu- PShA*G JP_S>PGP:u-  .Aah_A"lhAPL
6B;m`2 kXe, UiQTV TQbBiBQMb Q7 TSL2 BM :H+iB+ +QQ`/BMi2bX H2 #2`BM; TSLb `2 K`F2/ rBi? `2/ i`BM;H2b-
#H+F +B`+H2b /2MQi2 Qi?2` KQbi HBF2Hv TSL2 +M/B/i2b b T`2b2Mi2/ #v i?2 hQ`ȹM +iHQ;m2 ax+x2`# 2i HX
UkyydVX U#QiiQKV bK2 /i b #Qp2 /BbTHv2/ BM 1[miQ`BH +QQ`/BMi2bX
8y kXeX SSL1 aS1*h_Pa*PSu- PShA*G JP_S>PGP:u-  .Aah_A"lhAPL
6B;m`2 kXd, UV h?2 iQT /B;`K /BbTHvb :H+iB+ TSLb i?i 2t?B#Bi KQH2+mH` H2 2KBbbBQM BM i2`Kb Q7
bT2+i`H ivT2bX U#V GQM;Bim/BMH :H+iB+ /Bbi`B#miBQM 7Q` HH TSLbX U+V :H+iB+ HiBim/2 /Bbi`B#miBQMX U/V _B;?i
b+2MbBQM /Bbi`B#miBQM M/ U2V .2+HBMiBQM /Bbi`B#miBQMX q?Bi2 ?BbiQ;`Kb b?Qr TSLb rBi? H2 Qmi~Qrb- M/
;`2v ?BbiQ;`Kb b?Qr HH /2}M2/ TSLbX h?2 Y tBb Bb b+H2/ iQ b?Qr MQ`KHBb2/ MmK#2` Q7 Q#D2+ib M/ 7Q`K
T`Q##BHBiv /2MbBiv iQ 2M#H2 +QKT`BbQM Q7 /Bbi`B#miBQMb 6Q`/2 UkyRjVX
*?Ti2` j
qBM/ S`K2i2`b  *Q/2
/TiiBQMb
jXR w1la j. JQ/B}+iBQM
h?2 ;QH Q7 i?Bb rQ`F Bb iQ `2@+`2i2 TSL rBM/ +QM/BiBQMb mbBM; ?v/`Q/vMKB+ +Q/2b- +QmTH2/
rBi? M2`@BM7``2/ M/ QTiB+H HBM2 2KBbbBQM H;Q`Bi?KbX h?2 `2@+`2i2/ 2KBbbBQM KTb +M #2
mb2/ 7Q` +QKT`BbQM rBi? TSL bm`p2vbX 1[miBQMb Q7 ?v/`Q/vMKB+b T`QpB/2 K+`Qb+QTB+ T@
`K2i2`b Q7 i2KT2`im`2- Mm+H2QM /2MbBiv M/ KQH2+mH` 7`+iBQM- M2+2bb`v iQ ;2M2`i2 KQH2+mH`
M/ iQKB+ HBM2 2KBbbBQM pB +QQHBM;  `2+QK#BMiBQM K2+?MBbKb /Bb+mbb2/ BM i?2 M2ti +?T@
i2`X h?Bb +?Ti2` /2b+`B#2b i?2 b+HBM; mb2/ 7Q` i?2 ?v/`Q/vMKB+H T`i Q7 bBKmHiBQM M/ +Q/2
+QM};m`iBQM Q7 k. tBbvKK2i`B+ +QKTmiiBQMH ;`B/X h?2 MmK2`B+H +Q/2 2KTHQv2/ 7Q` i?2
rQ`F T`2b2Mi2/ BM i?Bb i?2bBb Bb w1la@j. Up2`bBQM jX8VR- `2H2b2/ BM Jv kyy3 M/ /2p2HQT2/
#v JXGX LQ`KM M/ i?2 G#Q`iQ`v 7Q` *QKTmiiBQMH bi`QT?vbB+b UG*VkX 6Q` i?2 +m``2Mi
T`Q#H2K Bi Bb b2i mT b  b2KB@BKTHB+Bi- QT2`iQ`@bTHBiiBM;- }MBi2 /Bz2`2M+2- 1mH2`BM +Q/2X Ai
Bb KQ/B}2/ M/ /Bz2`b 7`QK Qi?2`rBb2 7mHHv 2tTHB+Bi 1mH2`BM b+?2K2 mb2/ #v `2;mH` w1la@j.
~mB/ +Q/2 #v BM+Q`TQ`iBM; +?2KBbi`v UKQH2+mH` /BbbQ+BiBQMV M/ KQH2+mH` +QQHBM;  iQKB+
`2+QK#BMiBQM 7mM+iBQMbX *?2KB+HHv `2+iBp2 ~Qrb `2 BM+Q`TQ`i2/ BMiQ w1la pB KQH2+mH`
+?2KBbi`v `2+iBQMb Q7 +QHHBbBQMH /BbbQ+BiBQM Q7 H2 rBi? H M/ rBi? Bib2H7- /2b+`B#2/ #v aKBi?
 _Qb2M UkyyjV M/ ;Bp2M #v 1[miBQM 9XkX h?2 +?2KB+H `2+iBQMb `2 ;Qp2`M2/ #v +QHHBbBQMH




8k jXkX a1JA@AJSGA*Ah SS_P*> 6P_ *PPGAL:  *>1JAah_u
KQH2+mH` +QQHBM; 7`QK /BbbQ+BiBQM 1[miBQM 9XR9 /2i2`KBM2b i?2 ;b MQM@+QMb2`piBp2 BMi2`MH
2M2`;v- r?2`2 i?2 ;b KQH2+mH2b `/Bi2 2M2`;v rv BM [mMimK bi2Tb #v `2H2bBM; T?QiQMb
Q7 +2`iBM 2M2`;v- i?2`27Q`2 ;2M2`iBM; H2 2KBbbBQM HBM2b Q7 +2`iBM rp2H2M;i?X h?2 KQH2+mH`
2KBbbBQM HBM2b `2 ;2M2`i2/ #v  T`Q+2bb Q7 +QHHBbBQMH /2@2t+BiiBQM r?2`2 H2 HQQb2b 2M2`;v pB
+QHHBbBQMb rBi? Bib2H7 Q` H2 iQKb ;Bp2M #v +QHHBbBQMH /2@2t+BiiBQM `i2b BM h#H2 9XkX AM +b2
Q7 iQKB+ `2+QK#BMiBQM HBM2b- r2 mb2  +QMbiMi #mM/M+2 Q7 BQMBb2/ iQKB+ bT2+B2b `2HiBp2
iQ iQKB+ ?v/`Q;2M +2HH #mM/M+2 iQ ;2M2`i2 QTiB+H 2KBbbBQM HBM2bX JQH2+mH` BM7`@`2/ M/
iQKB+ QTiB+H 2KBbbBQM HBM2 +H+mHiBQM Bb /Bb+mbb2/ BM KQ`2 /2iBH BM b2+iBQM 9XRXj M/ 9Xk `2@
bT2+iBp2HvX q2 ?p2 HbQ +?Qb2M k. tBHHv bvKK2i`B+H +vHBM/`B+H ;`B/- r?2`2 i?2 pB2rBM; M;H2
Bb b2i mT b  mb2` p`B#H2- i?Bb 2M#H2b i?2 k. ;`B/ pHm2b iQ #2 i`MbHi2/ QM iQ  +vHBM/`B+H
;`B/ M/ +`2i2 HBM2 2KBbbBQM M/ TQbBiBQM@p2HQ+Biv /B;`Kb BM Tb2m/Q@j.X
jXk a2KB@AKTHB+Bi TT`Q+? 7Q` *QQHBM;  *?2KBbi`v
h?2 +QQHBM; M/ +?2KBbi`v `2 bQHp2/ b2KB@BKTHB+BiHv- i?Bb K2i?Q/ ?b #22M }`bi i2bi2/ #v KmHiB@
/BK2MbBQMH bBKmHiBQMb Q7 KQH2+mH` D2ib BM amiiM2` 2i HX URNNdVX 7i2` i?i- Bi ?b #22M
2ti2MbBp2Hv i2bi2/ 7Q` bi#BHBiv BM aKBi?  _Qb2M UkyyjV BM QM2@/BK2MbBQMH KQ/2- M/ ?b #22M
7m`i?2` TTHB2/ BM p`BQmb 2MpB`QMK2Mib BM+Hm/BM; j. bBKmHiBQMb Q7 T`QiQbi2HH` Qmi~Qrb BM
_Qb2M  aKBi? Ukyy9#V M/ bHQr@T`2+2bbBM; T`QiQbi2HH` D2ib BM aKBi?  _Qb2M Ukyy8VX AM HH
Q7 i?2 #Qp2 MmK2`B+H bBKmHiBQMb- +QQHBM; M/ +?2KBbi`v Bb bQHp2/ mbBM; b2KB@BKTHB+Bi b+?2K2
i?i 2M#H2/ iQ ;2M2`i2 bvMi?2iB+ HBM2 2KBbbBQM KTb Q7 H2X h?2 #Qp2 bvMi?2iB+ KQH2+mH`
2KBbbBQM HBM2 +H+mHiBQM ?b MQi #22M TTHB2/ 7Q` SSL Qmi~Qrb #27Q`2- ?Qr2p2` i?Bb +Q/2 b2i
mT Bb `2H2pMi 7Q` #2BM; mb2/ ?2`2 /m2 iQ i?2 7+i i?i SSL2 `2 2M+QKTb2/ #v KQH2+mH`Hv `B+?
2Mp2HQT2b M/ `2 HbQ FMQrM iQ HmM+? H2 +QHHBKi2/ D2ib X h?2 i2KT2`im`2 M/ KQH2+mH`
7`+iBQM `2 2pHmi2/ BKTHB+BiHvX 6Q` 2tKTH2- i?2 M2ti n + 1 pHm2 Q7 KQH2+mH` 7`+iBQM f /m2 iQ
/BbbQ+BiBQM +?2KBbi`v Bb 2pHmi2/ rBi? i?2 +m``2Mi n FMQrM pHm2 Q7 KQH2+mH` 7`+iBQM +QmTH2/
rBi? M2ti n + 1 pHm2 Q7 /2MbBiv iF2M 7`QK i?2 Q`/BM`v 2tTHB+Bi TT`Q+?X 7i2` 2pHmiBM;
KQH2+mH` 7`+iBQM U+?2KBbi`v /BbbQ+BiBQM `2+iBQMbV M/ i2KT2`im`2 ;`B/ pHm2b- +QQHBM; Λ i?i
Bb T, f, ρ /2T2M/2Mi Bb HbQ 2pHmi2/ BKTHB+BiHv M/ Bb mb2/ #v i?2 BMi2`MH 2M2`;v 2[miBQM 7Q`
KQH2+mH` HBM2@2KBbbBQM ;2M2`iBQMX Pp2`HH- i?2 K2i?Q/ mb2b #Qi? BKTHB+Bi Ui2KT2`im`2- KQH2+@
mH` 7`+iBQM- +QQHBM;V M/ 2tTHB+Bi U/2MbBiv- T`2bbm`2- p2HQ+BivV bi2T 2pHmiBQM M/ Bb i?2`27Q`2
+HH2/ b2KB@BKTHB+BiX L2riQM@_TbQM K2i?Q/ Bb 2KTHQv2/ i 2+? iBK2 bi2T 7Q` `2@Bi2`iBQM Q7
KQH2+mH` 7`+iBQM M/ i2KT2`im`2 pHm2b mMiBH bm{+B2Mi ++m`+v Bb `2+?2/ #v +QMp2`;2M+2X
h?2 iBK2 bi2T bBx2 Bb b2i rBi? i?2 *Qm`Mi MmK#2`X avKK2i`v Bb bbmK2/ HQM; i?2 tBH tBb-
8j jXjX 6ALAh1@.A661_1L*AL:
?2M+2 Qm` KQ/2Hb `2 irQ@/BK2MbBQMHX h?2 +H+mHiBQMb `2 +``B2/ Qmi QM i?2 (R,Z) +vHBM/`B+H
THM2X h?2`27Q`2- M QT2`iQ`@bTHBiiBM; K2i?Q/ Bb 2KTHQv2/ /m2 iQ HH #Qp2 [mMiBiB2b #2BM;
+H+mHi2/ BM k.- BX2 T, f, ρ Bb bQHp2/ 7Q` tBH /B`2+iBQM (R)- 7QHHQr2/ #v +QMb2+miBp2 bQHmiBQM Q7
i?Qb2 i?`22 i2`Kb 7Q` `/BH /B`2+iBQM (Z)- M/ }MHHv bQHp2/ 7Q` +QQHBM; Λ(T, f, ρ)X 7i2` i?i-
i?2 #Qp2 i?`22 bi2Tb `2 `2T2i2/ ;BM mMiBH i?2 }MH iBK2bi2T Q7 bBKmHiBQMX
jXj 6BMBi2@/Bz2`2M+BM;
h?2 T`BM+BTH2 Q7 }MBi2@/Bz2`2M+BM; Bb #b2/ QM hvHQ` b2`B2bX h?2 7mM+iBQM fxi+1 +M #2 2tTM/2/
`QmM/ i?2 TQBMi xi iQ nth Q`/2` r?2`2 h Bb i?2 bKHH bi2T b2T`iBM; xi M/ xi+1X h?2 hvHQ`
b2`B2b +M #2 r`Bii2M b













#v QMHv iFBM; BMiQ ++QmMi i?2 }`bi irQ i2`Kb Q7 i?2 hvHQ` b2`B2b- M/ /2}MBM; i?2 i?B`/ i2`K







rBi? ξ #2BM; M mMFMQrM pHm2 i?i HB2b BM i?2 BMi2`pH x < ξ < x + hX >2M+2- `2``M;BM;








HbQ- BMi`Q/m+BM; i?2 #+Fr`/ /Bz2`2M+2 b+?2K2 U".aV rBi i?2 bm#b+`BTi i− 1 b r2 `2 2t@







h?2 2tTMbBQM 2``Q` Bb Q7 Q`/2` O(h) 7Q` #Qi? U".aV M/ U6.aVX hQ 7m`i?2` `2/m+2 i?2 2``Q`-
b2+QM/ Q`/2` ++m`i2 2tT`2bbBQM Bb 2KTHQv2/X  +QK#BMiBQM Q7 U6.aV M/ U".aV /2}M2b 







h?2 i`mM+iBQM 2``Q` Bb MQr Q7 HQr2` b2+QM/ Q`/2` Q7 hX h?2`27Q`2- i?2 +2Mi`H /Bz2`2M+2 ;Bp2b
b+?2K2 2M#H2b  #2ii2` 2biBKi2 i TQBMi xX h?2 }`bi irQ K2i?Q/b `2 FMQrM b }`bi /2`BpiBp2
89 jX9X 1ZlhAPLa P6 >u._P.uLJA*a
1mH2` Q` _mM;2@Emii R U_ERV K2i?Q/X  7KBHv Q7 i?2 _mM;2@Emii TT`QtBKiBQMb Bb 
MmK2`B+H `2+2TB2 i?i mb2 KQ`2 i?M QM2 i2`K Q7 i?2 hvHQ` b2`B2bX h?2 Q#D2+iBp2 Bb iQ KF2 mb2
Q7 r2B;?i2/ p2`;2 Q7 ;`/B2Mib +H+mHi2/ i /Bz2`2Mi TQBMib BM Q`/2` iQ 2biBKi2 i?2 +?M;2 BM
fxX AM ;2M2`H- nth Q`/2` Q7 hvHQ` b2`B2b Bb O(h)n ++m`i2 M/ i?2 2``Q` /2+`2b2b rBi? BM+`2bBM;
Q`/2` Q7 K;MBim/2 BM hX
jX9 1[miBQMb Q7 >v/`Q/vMKB+b
w1la@j. Q`/BM`v `QmiBM2 bQHp2b 2[miBQMb Q7 ?v/`Q/vMKB+b MmK2`B+HHv #v TTHvBM;  K2i?Q/
Q7 Ƕ}MBi2@/Bz2`2M+BM;Ƕ rBi? ǶiBK2@2tTHB+BiǶ KmHiB@bi2T ǶQT2`iQ`@bTHBiiBM;ǶX .Bz2`2MiBH 2[miBQMb
Q7 ?v/`Q/vMKB+b- `2 i`Mb7Q`K2/ rBi? i?2 #Qp2 K2i?Q/ BMiQ  b2i Q7 H;2#`B+ 2[miBQMb i?i
`2 bQHp2/ Qp2` i?2 /QKBM Q7 +QKTmiiBQMX i 2+? iBK2 bi2T-  b2i Q7 p`B#H2b Bb +H+mHi2/
iQ #2 mb2/ 7Q` +QKTmiiBQM iFBM; TH+2 i?`Qm;?Qmi i?2 M2ti iBK2@bi2T- BX2 ǶiBK2@2tTHB+BiǶX h?2
bQHmiBQMb iQ i?2 T`iBH /Bz2`2MiBH 2[miBQMb S.1b `2 bTHBi BMiQ T`ib- rBi? 2+? T`i +Q``2@
bTQM/BM; iQ  bBM;H2 i2`K 7`QK i?2 2[miBQMbX LmK2`B+H bBKmHiBQMb `2 #b2/ QM 2[miBQMb
Q7 ?v/`Q/vMKB+bX h?2 b2i Q7 /Bz2`2MiBH 2[miBQMb #2HQr 7Q` +QMb2`piBQM Q7 Kbb- KQK2MimK
M/ BMi2`MH 2M2`;v 7Q` x2`Q pBb+QbBiv- BX2 BMpBb+B/ ~Qr M2;H2+i pBb+Qmb bi`2bb M/ bi`BM 7Q`+2b










+∇p = 0, [gmcm−2 s−2] UjXdV





e+ p∇ ·V = 0, [erg cm−3 s−1] UjX3V
r?2`2 ∇ ·V Bb i?2 p2HQ+Biv p2+iQ` BM i?`22 /BK2MbBQMb M/ ∇ = i ∂∂x + j ∂∂y + k ∂∂z Bb i?2 ;`/
QT2`iQ`- ρ Bb i?2 /2MbBiv- V Bb i?2 p2HQ+Biv- p Bb i?2 T`2bbm`2- e Bb i?2 BMi2`MH 2M2`;v /2MbBivX
h?2 #Qp2 2[miBQM Bb 2/Bi2/ BM w1la iQ ++QmMi 7Q` 2M2`;v HQbb BM 7Q`K Q7 `/BiBQMX h?2 B/2H
;b 2[miBQM
p = (γ − 1)e [erg cm−3] UjXNV
88 jX8X *Pl_Lh *PL.AhAPL
TT2M/Bt * T`QpB/2b /2`BpiBQM Q7 BMpBb+B/ 1mH2`BM b2i Q7 2[miBQMb 7Q` +QMb2`piBQM Q7 Kbb-
KQK2MimK M/ 2M2`;vX h?2 #Qp2 2[miBQMb /Q MQi ?p2 MHviB+H bQHmiBQMb #mi +M #2 bQHp2/
#v MmK2`B+H K2i?Q/b /2b+`B#2/ BM a2+iBQM jX9X h?2 bBKmHi2/ T`Q#H2K /Bb+mbb2/ BM i?Bb rQ`F
BMpQHp2b MQM@+QMb2`piBp2 LpB2`ĜaiQF2b 2[miBQMb rBi? [m/`iB+ `iB}+BH pBb+QbBiv qcon = 1.6
M/ HBM2` `iB}+BH pBb+QbBiv qlin = 0.1 T`K2i2`b HBbi2/ BM BMx2mb BM 6B;m`2 jXRX h?2 BM+HmbBQM Q7
i?2 +QQHBM; i2`K Λ 7Q`Kb  MQM@+QMb2`piBp2 BMi2`MH 2M2`;v 1[miBQM jXRy r?B+? mTQM bQHmiBQM
H2/b iQ b?Q+F 2``Q`b M/ ``27+iBQM b?Q+Fb +mb2/ #v i?2 MiB@/BzmbBp2 i2`Kb BM i`mM+iBQM 2``Q`b
w?m 2i HX UkyRkVX  HBM2` `iB}+BH pBb+QbBiv i2`K Bb TTHB2/ i?`Qm;?Qmi i?2 ;`B/ M/ bi#BHBx2b
+QMiBMmQmb bi`m+im`2b bm+? b K;M2iQ+QmbiB+H M/ ``27+iBQM rp2b M/ ?b #22M bm;;2bi2/
#v *H`F2 UkyRyV iQ `2KQp2 i?2 MiB@/BzmbBp2 i2`Kb iQ 2t+Hm/2 MmK2`B+H 2``Q`bX qcon- Bb TTHB2/
QMHv iQ `2;BQMb Q7 bi`QM; +QKT`2bbBQM M/ 2z2+iBp2Hv +Tim`2b b?Q+Fb rBi?BM qcon + 2 zonesX "Qi?
T`K2i2`b b2`p2 iQ BKTH2K2Mi bi#H2 BMi2`MH 2M2`;v +H+mHiBQM rBi? KQH2+mH` +QQHBM; M/
+?2KBbi`v r?B+? Qi?2`rBb2 +M H2/ iQ mMbi#H2 bQHmiBQMb M/ +mb2 +Q/2 iQ +`b? i Hi2 iBK2b
M/ ?B;? `2bQHmiBQMX
jX8 *Qm`Mi +QM/BiBQM





qBi? /BK2MbBQMH2bb *Qm`Mi MmK#2` C ;Bp2M #v i?2 K;MBim/2 Q7 ~Qr p2HQ+Biv u- i?2 bT22/
Q7 bQmM/ BM K2/BmK cs - i?2 iBK2 bi2T ∆t M/ i?2 H2M;i? BMi2`pH ∆x X  M2+2bb`v +QM/BiBQM
7Q` i?2 bi#BHBiv Q7 MmK2`B+H bQHmiBQMb Q7 T`iBH /Bz2`2MiBH 2[miBQMb Bb /2i2`KBM2/ #v i?2
2tT`2bbBQM #Qp2X b  +QMb2[m2M+2- +QKTmi2` bBKmHiBQMb mb2  iBK2@bi2T i?i Bb H2bb i?M i?2
+2`iBM pHm2 2bi#HBb?2/ #v U*6GV `2bi`BMiX LmK2`B+H bi#BHBiv M/ K2MBM;7mHM2bb Q7 T?vbB+H
`2bmHib Bb 2bi#HBb?2/ #v i?2 *6G +QM/BiBQMX h?2 bBKmHiBQMb BM i?Bb rQ`F 2KTHQv  +QMp2MiBQMH
*Qm`Mi MmK#2` b2iiBM; Q7 C = 0 .5 X >Qr2p2`- 7mi`?2` /2+`2b2 BM i?2 iBK2 bi2T ∆t /Q2b MQi
H2/ iQ `2/m+iBQM Q7 MmK2`B+H 2``Q`b "`2##B URNNRVX h?2 bBx2 Q7 iBK2 bi2T ∆t Bb /2i2`KBM2/ #v
w1la@j. i 2+? +v+H2 7`QK 1[miBQM jXRyX h?2 *Sl `mM@iBK2 Q7 i?2 +Q/2 BM+`2b2b bB;MB}+MiHv
7Q` C < 0 .5 X
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jXe *QKTmi2` bvbi2K  w1la@j. +QM};m`iBQM
h?2 1mH2`BM bi`QT?vbB+H ;b /vMKB+b +Q/2 w1la aiQM2  LQ`KM URNNkV Bb 2ti2M/2/ iQ
BM+Hm/2 KQH2+mH` M/ iQKB+ +QQHBM; 7mM+iBQMbX JQ/2HHBM; 2H2+i`QM i`MbBiBQMb BM iQKb M/ `Q@
pB#`iBQMH i`MbBiBQMb BM KQH2+mH2b Bb +QKTmiiBQMHHv 2tT2MbBp2X h?2`27Q`2- iQKB+ +QQHBM; Bb
`2T`2b2Mi2/ K+`Qb+QTB+HHv #v bBKTH2 7mM+iBQMb Q7 i2KT2`im`2- BQM M/ 7`22 2H2+i`QM #mM/M+2X
h?2 KQ/2HH2/ tBbvKK2i`B+ Qmi~Qrb r2`2 +H+mHi2/ QM  kĜ. ;`B/- M/ 2tT`2bb2/ BM i2`Kb Q7
+vHBM/`B+H ;2QK2i`vX b  `2bmHi- kĜ. ;`B/ pHm2b `2 i`MbHi2/ QMiQ  +vHBM/`B+H ;`B/ +`2iBM;
 Tb2m/Q@jĜ. T`QD2+iBQM rBi? i?2 HBM2 Q7 bB;?i b  mb2` p`B#H2X
h?2 Rk3 +Q`2 a:A HiBt +Hmbi2` 6Q`;2 ?Qmb2/ #v i?2 bi`QT?vbB+b *Sa ;`QmT i lE* T2`7Q`K2/
+H+mHiBQMb 7Q` bBKmHiBQMb /2b+`B#2/ BM i?Bb rQ`FX h?2 +QKTmi2` bvbi2K `mMb QM  p2`bBQM Q7
i?2 ala1 HBMmt QT2`iBM; bvbi2KX 6Q`;2 ?Qbib Re +QKTmiBM; MQ/2b- 2+? 2[mBTT2/ rBi? 3 +Q`2b
M/ M/ ∼ 12GB Q7 HQ+H _J K2KQ`vX h?2 ?`/ /BbF bT+2 pBH#H2 7Q` biQ`;2 Bb 21TBX h?2
AMi2`+iBp2 .i GM;m;2 UA.GVj bQ7ir`2 rb mb2/ iQ pBbmHBb2 i?2 >.6 QmiTmi }H2b M/ +`2i2
THQib 7Q` i?Bb i?2bBbX "27Q`2 i?2 2t2+mi#H2 t/x2mb Bb BMBiBi2/ iQ T`Q/m+2 QmiTmi /i r?B+? Bb
Hi2` mb2/ 7Q` A.G ;`T?B+b QmiTmi b b?QrM BM ~Qr +?`i BM 6B;m`2 jXk- Bi Kmbi }`bi #2 +QKTBH2/
M/ +QM};m`2/X h?2 BMBiBH +QM};m`iBQM /2i2`KBM2b i?2 ;`B/ /BK2MbBQMb- i?2 +QQ`/BMi2 bvbi2K
mb2/ M/ T?vb+Bb KQ/2mH2b BM+Hm/2/ BM +QKTmiiBQMX h?2 bQm`+2 }H2 /x2mbj8Xb }t2b i?2 ;`B/
`2bQHmiBQM M/ QmiTmib M 2t2+mi#H2 t/2xmb M/ KBM BMTmi }H2 BMx2mbX h?2 BMTmi }H2 ?Qbib
i?2 BMBiBH p`B#H2b M/ b2ib i?2 bBKmHiBQM iQiH `mM iBK2 tlim HQM; rBi? i?2 iBK2 BMi2`pHb Q7
/i QmiTmiX _2@+QKTBHiBQM rBi? bQm`+2 }H2 Bb MQi `2[mB`2/ mMH2bb i?2 T`K2i2`b Q7 i?2 ;`B/
`2 +?M;2/- HH Qi?2` BMTmi bBKmHiBQM p`B#H2b +M #2 Hi2`2/ rBi?BM BMTmi BMx2mb rBi?Qmi `2@
+QKTBHiBQMX M 2ti` Hv2` Q7 ;?Qbi xQM2b Bb +`2i2/ #v w1la@j. `QmM/ i?2 pBbB#H2 bBKmHiBQM
/QKBM iQ 2M#H2 i?2 rBM/ iQ H2p2 i?2 ;`B/X h?2 bBKmHiBQM T`2b2Mi BM i?Bb rQ`F BM+Hm/2b 5
//BiBQMH ;?Qbi xQM2b b2i BM BMx2mb iQ H2i i?2 rBM/ 2b+T2 i?2 +QKTmiiBQMH /QKBM FMQrM b
i?2 Qmi~Qr `2;BK2X "v /2}MBiBQM- w1la@j. T`QpB/2b }p2 ivT2b Q7 #QmM/`v +QM/BiBQMb i?i +M
#2 BKTH2K2Mi2/ BMiQ i?2 ;`B/,
Ĝ _2~2+iBM;, LQi BM+Hm/2/ BM bBKmHiBQMb T`2b2Mi ?2`2X oHm2b Q7 ;?Qbi xQM2b `2 b2i iQ
2[mH i?2 M2B;?#Qm`BM; +iBp2 QM2b- M/ i?2 p2HQ+Biv +QKTQM2Mi Bb `2~2+i2/ BM i?2 M2ti
;?Qbi xQM2X
Ĝ avKK2i`v, lb2/ 7Q` Qm` tBbvKK2i`B+ bBKmHiBQMb- U_XwV #QmM/`v Bb b2i iQ bvKK2i`v
j?iiT,ffrrrXBiipBbX+QKfB/H
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6B;m`2 jXR, BMx2mb BMTmi }H2 /2b+`B#BM; +vHBM/`B+H +QKTmiiBQMH ;`B/ rBi? K+`Qb+QTB+H T`K2i2`b 7Q`












6B;m`2 jXk,  b+?2KiB+ ~Qr +?`i /BbTHvBM; w1la@j. +QM};m`iBQM M/ A.G QmiTmiX h?2 JQ/2H 7QH/2`
+QMiBMb /x2mbj8Xb r?B+? +`2i2b BMTmi BMx2mb M/ 2t2+mi#H2 t/x2mb i?i `2 biQ`2/ BM 1t2 7QH/2` 7Q` >.6
QmiTmiX h?2 A.G 7QH/2` +QMiBMb BK;2b Q7 >.6 QmiTmi /iX
#QmM/`v U_-@wV +QM/BiBQM- mb2/ iQ bT22/ mT *Sl `mM@iBK2X
Ĝ AM~Qr, h?Bb +QM/BiBQM Bb mb2/ 7Q` rBM/ BMTmi- rBi? i?2 ;?Qbi xQM2b ;Bp2M  }t2/ p`B#H2X
Ĝ Pmi~Qr, h?2 M2B;?#Qm`BM; ;?Qbi xQM2 pHm2b `2 b2i iQ i?2 pHm2b Q7 i?2 M2B;?#Qm`BM;
+iBp2 xQM2bX h?Bb b2i@mT 2M#H2b i?2 rBM/ iQ H2p2 i?2 ;`B/ M/ Bb mb2/ BM Qm` bBKmHiBQMbX
Ĝ S2`BQ/B+, LQi T`2b2Mi BM Qm` bBKmHiBQMbX h?2 ;?Qbi xQM2b pHm2b `2 iF2M 7`QK i?2
M2B;?#Qm`BM; +iBp2 xQM2b- M/ `2 `2T2i2/ QM i?2 QTTQbBi2 bB/2 Q7 i?2 ;`B/X
aiQM2  LQ`KM URNNkV
jXd a+HBM;
aBKmHiBQMb T`2b2Mi2/ ?2`2 +`2i2  DmKT C@ivT2 b?Q+F 7QHHQr2/ #v  `/BiBp2 +QQHBM; Hv2`
T`2b2Mi2/ b+?2KiB+HHv BM 6B;m`2 jXjX h?Bb Bb 2z2+iBp2Hv  +QK#BMiBQM Q7 C@ivT2 7Q`r`/ b?Q+F
8N jXdX a*GAL:
6B;m`2 jXj,  b+?2KiB+ Q7 rBM/ T`Q}H2 b?QrBM; p2HQ+Biv M/ i2KT2`im`2 /Bbi`B#miBQMb Q7 7Q`r`/  `2p2`b2
b?Q+F bi`m+im`2X h?2 rBM/ 7`QK i?2 HQM;@HbiBM; +2Mi`H 2M;BM2 U`2;BQM RV Tbb2b i?`Qm;? i?2 `2p2`b2 b?Q+F U_aV
M/ 7Q`Kb  b?Q+F2/ rBM/ ~Qr U`2;BQM #VX h?2 rBM/ /`Bp2b  7Q`r`/ b?Q+F U`2;BQM +V BMiQ b?Q+F2/ K#B2MiX
U`2;BQM /V Bb i?2 mMb?Q+F2/ biiBQM`v K#B2MiX h?2 ~Qr rBi?BM `2;BQM # M/ + Bb i?2 KBM ;QH Q7 i?2 T`2b2Mi
bim/v r?2`2 /BbbQ+BiBp2 +?2KBbi`v M/ bi`QM; +QQHBM; iF2b TH+2- ;2M2`iB; HBM2 2KBbbBQMX
r?2`2 i?2 H2 Bb /BbbQ+Bi2/ M/ E@#M/ 2KBbbBQM Bb T`Q/m+2/- rBi? rBM;b Q7 HQr2` b?Q+F p2HQ+Biv
M/ i2KT2`im`2 BM +b2 Q7 MQM@bT?2`B+H Qmi~Qrb- r?2`2 H2 Bb 2tBi2/ rBi?Qmi /BbbQ+BiBQM b
b?QrM BM 6B;m`2 9XRX
h?2 6Q`r`/ b?Q+F Bb i?2 7`QMi Q7 i?2 bmT2`bQMB+ Qmi~Qr i?i ++2H2`i2b M/ Tmb?2b ;BMbi i?2
K#B2Mi K2/BmKX amT2`bQMB+ Ki2`BH i i?2 #+F Q7 i?2 Qmi~Qr Bb /2+2H2`i2/ #v i?2 _2p2`b2
b?Q+FX b i?2 /2MbBiv Q7 i?2 2tTM/BM; Qmi~Qr /`QTb- i?2 T`2bbm`2 Q7 i?2 b?Q+F2/ +B`+mKbi2HH`
K2/BmK #2+QK2b 2[mH M/ bm#b2[m2MiHv 2t+22/b 7Q`r`/ `K T`2bbm`2 Q7 i?2 Qmi~Qr- M/ 
`2p2`b2 b?Q+F Bb /`Bp2M BMiQ i?2 Qmi~QrX h?2 `2p2`b2 b?Q+F T`QT;iBM; BMr`/- bHQrb M/ b?Q+F@
?2ib i?2 Ki2`BH BM i?2 Qmi~Qr i?i ?b T`2pBQmbHv #22M +QQH2/ #v /B#iB+ 2tTMbBQMX AM
6B;m`2 jXj- i?2 mMb?Q+F2/ bi2HH` rBM/ Bb i?2 BMTmi rBM/ Ki2`BH Q7 /2MbBiv ρw KQpBM; i rBM/
bT22/ VwX h?2 bmT2`bQMB+ rBM/ Ki2`BH T`QT;i2b BMiQ M K#B2Mi K2/BmK- Q7 /2MbBiv ρa rBi?
7Q`r`/ b?Q+F p2HQ+Biv UX  `2;BQM #2ir22M b?Q+F2/ bi2HH` rBM/ M/ b?Q+F2/ K#B2Mi K2/BmK
Bb i?2 *QMi+i .Bb+QMiBMmBiv r?B+? b2T`i2b i?2 b?Q+F2/ K#B2Mi K2/BmK Tbb2/ i?`Qm;? i?2
7Q`r`/ b?Q+F M/ i?2 rBM/ Ki2`BH b?Q+F2/ #v i?2 _2p2`b2 b?Q+FX AM i?2 `272`2M+2 7`K2
ey jXdX a*GAL:
h#H2 jXR, AMBiBH rBM/fK#B2Mi T`K2i2`bX
S`QT2`iv iQKB+ JQH2+mH`
qBM/,
rBM/ /2MbBiv- ρw(gm/cm3) 3.76× 10−20 3.76× 10−20
MmK#2` /2MbBiv- nw(cm−3) 1.61× 104 1.61× 104
rBM/ BMi2`MH 2M2`;v- uw(erg/cm3) 1.83× 10−09 1.55× 10−09
KQH2+mH` 7`+iBQM- n(H2)/n 0 0.5
bT2+B}+ ?2i `iBQ- γ 1.66667 1.42857
i2KT2`im`2- Tw(K) 500 500
K#B2Mi K2/BmK,
/2MbBiv- ρa(gm/cm3) 1.51× 10−21 1.51× 10−21
MmK#2` /2MbBiv- na(cm−3) 6.42× 102 6.42× 102
BMiX 2M2`;v- ua(erg/cm3) 2.92× 10−12 2.48× 10−12
KQH2+mH` 7`+iBQM- n(H2)/n 0 0.5
bT2+B}+ ?2i `iBQ- γ 1.66667 1.42857
i2KT2`im`2- Ta(K) 20 20
1H2K2Mi *ion = nion/nH χe = ne/nH
a[O I] 3.5× 10−4 0.1
a[Si II] *II(T) 0.1
b[Fe II] 1.4× 10−6 0.1
hQT  KB//H2, J+`Qb+QTB+ rBM/fK#B2Mi T`K2i2`b 7Q` k,R- R9y FK b−1-
10−4M$yr−1 Qmi~QrbX "QiiQK, AQM  6`22 2H2+i`QM 7`+iBQM #v _2vMQH/b
URN3NVa-aKBi? URNN9#Vb-`Mm/  _Qi?2M~m; URN38VcX
Q7 *QMi+i .Bb+QMiBMmBiv- i?2 b2T`iBQM T`QT;iBQM Bb ;Bp2M BM i2`Kb Q7 i?2 p2HQ+Biv Q7 i?2
mMb?Q+F2/ rBM/ `2HiBp2 iQ i?2 BM#QmM/ 7Q`r`/ b?Q+F p2HQ+Biv Vw −UX h?Bb BMi2`7+2 BMi`Q/m+2b
 b?`T i2KT2`im`2 M/ /2MbBiv ;`/B2Mi QM 2+? bB/2- #mi i?2 T`2bbm`2 2[mBHB#`BmK- BX2 `K@
T`2bbm`2 #HM+2 Bb bmbiBM2/- i?Bb T`2p2Mib i?2 Ki2`BH 7`QK 2+? bB/2 Q7 i?2 /Bb+QMiBMmBiv
7`QK KBtBM; BMBiBHHvX h?2 b2T`i2/ Ki2`BH +M Hi2` #2 KBt2/ i?`Qm;? i?2 E2HpBM@>2HK?QHix
BMbi#BHBivX h?2 E2HpBM@>2HK?QHix BMbi#BHBiv Q++m`b r?2M i?2`2 Bb  p2HQ+Biv b?2` BM  bBM;H2
+QMiBMmQmb ~mB/- Q` r?2`2 i?2`2 Bb  p2HQ+Biv /Bz2`2M+2 +`Qbb i?2 BMi2`7+2 #2ir22M irQ ~mB/bX
h?2 i?2Q`v T`2/B+ib i?2 /2p2HQTK2Mi Q7 BMbi#BHBiv M/ i`MbBiBQM iQ im`#mH2Mi ~Qr BM ~mB/b Q7
/Bz2`2Mi /2MbBiB2b KQpBM; i p`BQmb bT22/bX bbmKBM; biiBQM`v K#B2Mi K2/BmK- i?2 p2HQ+Biv
Q7 i?2 7Q`r`/ b?Q+F BM i2`Kb Q7 i?2 /2MbBiv `iBQ η = ρw(r)/ρa M/ rBM/ p2HQ+Biv- Bb rQ`F2/ Qmi












h?2 ;2M2`i2/ KQ/2H b2i@mT BM+Hm/2b }`bi TT`QtBKiBQM b+2M`BQ r?2`2 M BMp2`b2 b[m`2 /2M@
bBiv rBM/ T`Q}H2 1[miBQM kXj3 Bb 2tTM/BM; BMiQ  biiBQM`v mMB7Q`K K#B2Mi K2/BmKX q2
BMi`Q/m+2  +QMb2`p2/ [mMiBiv Q7 ?v/`Q;2M Mm+H2QM /2MbBiv BM i?2 rBM/ b nw = ρw/1.4mp UrBi?
RyW ?2HBmK #mM/M+2 n(He) = 0.1nwV- b2i QM  ;`B/ rBi? `2HiBp2Hv H`;2 BMD2+iBQM `/Bmb Q7
Rw = 0.01 pc +?Qb2M iQ `2bQHp2 BMTmi bT?2`2 bm`7+2 M/ +Q``2bTQM/BM; iQ i?2 BMM2` `/Bmb Q7 i?2
+B`+mKbi2HH` 2Mp2HQT2 U*a1V :H2/?BHH Ukyy8VX :`B/ /BK2MbBQMb M/ b+H2b `2 /2b+`B#2/ #2HQr
rBi?  Kbb Qmi~Qr `i2 b2i iQ 10−4 Q` 10−5 J& v`−1- M/ 2KTHQv2/ iQ /2i2`KBM2 i?2 BMBiBH
b2i Q7 K+`Qb+QTB+ T`K2i2`b ;2M2`i2/ BM a2+iBQM jXRXj M/ HBbi2/ BM h#H2 jXRX h?2 Qmi~Qrb
p`v BM rBM/ 2HHBTiB+Biv i?`Qm;? MBbQi`QTB+ p2HQ+Biv T`Q}H2 rBi? THM2tBb bT2+i `iBQb Q7 R,R
bT?2`B+H- k,R M/ 9,R rBi? tBH bT22/ `M;BM; 7`QK vw ∼ 40− 200 km s−1 rBM/bX h?2 +QKTm@
iiBQMH ;`B/ Bb +QM};m`2/ iQ Ki+? 2HHBTiB+Biv `iBQ- rBi? KBM bBKmHiBQM b2i iQ k,R M/ 9,R
KQmMiBM; iQ 0.2× 0.1 T+ M/ 0.4× 0.1 T+ Q7 bTiBH 2ti2Mi `2bT2+iBp2Hv- bTHBiiBM; i?2 }t2/ ;`B/
BMiQ 3, 200× 1, 600 M/ 6, 400× 1, 600- xQM2b rBi? ;`B/ xQM2 bBx2 Q7 ∼ 1014 cmX iQKB+ b?Q+Fb
;2i ?2i2/ iQ 105K- i b?Q+F p2HQ+BiB2b Q7 ∼ 30− 40 km s−1- 7i2` r?B+? iQKB+ +QQHBM; Bb /QKB@
MMi BM ?B;? /2MbBiv i?B+F b?Q+F 7`QMi Q7 ∼ 106 cm−3 M/ +QQHBM; `i2b Q7 Λ ∼ 10−13 erg s−1 cm−3
aKBi?  _Qb2M UkyyjV- iF2M 7`QK +QQHBM; 7mM+iBQMb /BbTHv2/ BM 6B;m`2 9X9X h?2 #Qp2 K2i@
`B+ +QMi`B#mi2b iQ  +?`+i2`BbiB+ +QQHBM; iBK2 Q7 tcool = nkT/Λ ∼ 108 s M/ +QQHBM; H2M;i? Q7
∼ 1014 cm- bK2 b i?2 ;`B/ xQM2 bBx2 M/ T`Qp2b bmBi#H2 7Q` `2bQHpBM; 2KBbbBQM BM i?2 b?Q+F2/
;b `2;BQMX qBi?BM i?2 TQbi@b?Q+F xQM2- i?2 +QQHBM; `i2 Bb T`QTQ`iBQMH iQ rBM/ /2MbBiv b[m`2/
Ub22 a2+iBQM 9XRXRV- `2bmHiBM; BM Λ ∼ 10−15 erg s−1 cm−3- ?B;?2` +QQHBM; iBK2 #v  7+iQ` Q7 Ry M/
 bm#b2[m2Mi +QQHBM; H2M;i? Q7 ∼ 1015 cmX h?2`27Q`2- i?2 +?Qb2M +QKTmiiBQMH /QKBM T`Qp2b
iQ #2 bmBi#H2 7Q` 2MiB`2 b?Q+F `2bQHmiBQMX h?2 tBH vz = (z/Rw)vw M/ THM2 vr = *(r/Rw)vw
bT22/ +QKTQM2Mib i (z, r) Q7 BMM2` bT?2`B+H BMD2+iBQM bm`7+2 HbQ Ki+?2b i?2 2HHBTiB+Biv `iBQ
rBi? * T`K2i2` 2[mH iQ 1- 0.5 Q` 0.25X h?mb i?2 bT22/ QM i?2 bm`7+2 Bb }t2/ #v vz = vwcosθ
M/ vr = *vwsinθ r?2`2 θ Bb i?2 TQH` M;H2X h?2 w1la +Q/2 /Q2b MQi b2T`i2Hv i`+F i?2
#mM/M+2 Q7 BQMb- BMbi2/ Bi Bb 2biBKi2/ b M #mM/M+2 `iBQ rBi? `2bT2+i iQ >- i#mHi2/
BM h#H2 jXRX  7`22 2H2+i`QM #mM/M+2 Bb b2i iQ 0.1 7Q` bBKTHB+BivX iQKB+ TSL 2H2K2MiH
#mM/M+2b `2 BM/B+iBp2 M/ `2 HBF2Hv iQ #2 /Bz2`2Mi M/ p`B2/X h?2 BMTmi rBM/ 7QHHQrb M











qBi? biiBQM`v M/ mMB7Q`K K#B2Mi K2/BmK- r2 ?p2 i?mb +?Qb2M









h?2 +?Qb2M K#B2Mi /2MbBiv pHm2 +`2i2b 7pQm`#H2 +QM/BiBQMb 7Q` T`QT;iBM; 7Q`r`/ M/
#+Fr`/b b?Q+Fb iQ p`v BM bi`2M;i?- b i?2 rBM/ 2tTM/b Qp2` i?2 /2}M2/ /QKBMX h?Bb
b2i@mT 2M#H2b i?2 `2p2`b2 b?Q+F iQ #2+QK2 /QKBMMi 7i2` TbbBM; i?`Qm;?  b2i /BbiM+2 Q7
Rppn = 10Rw BM +b2 Q7 R,R bT?2`B+H Qmi~QrX h?2 7+iQ` Q7 9 BM 1[miBQM jXRj Bb +?Qb2M iQ bHQr
/QrM i?2 /pM+BM; b?Q+F iQ ∼ 1/3 vw 7Q` `2p2`b2 b?Q+F ;2M2`iBQM i r = Rppn M/ ηw(r) = 0.25X
h?2`27Q`2- i?2 BMi`Q/m+2/ rBM/b rBi? T`iB+H2 /2MbBiB2b Q7 #Qp2 ∼ 105 cm−3 `2 ?B;?Hv Qp2`/2Mb2
rBi? `2bT2+i iQ i?2 K#B2Mi K2/BmK rBi? ∼ 103 cm−3- `2bmHiBM; BM M BMBiBH Kbb /2MbBiv `iBQ Q7
ηo = ρw/ρa ∼ 25 i i?2 BMD2+iBQM `/Bmb M/ M BMBiBH #HHBbiB+ 2tTMbBQM rBi? /pM+BM; b?Q+F Q7
∼ 5/6 vw 7Q` HH 2HHBTiB+Biv +b2bX 6Q` MQM@bT?2`B+H ?B;?2` 2HHBTiB+Biv Qmi~Qrb- i?2 rBM/Ƕb rQ`FBM;
bm`7+2 2tT2`B2M+2b i?2 bK2 bHQr /QrM `i2 M/  HQM;2` bBKmHiBQM iBK2 /m2 iQ Rppn = 20Rw
7Q` k,R M/ Rppn = 40Rw 7Q` 9,R rBM/b- b2iiBM; i?2 }MH rQ`FBM; bm`7+2 p2HQ+Biv iQ ∼ 1/5 vw
M/ ∼ 1/9 vw `2bT2+iBp2HvX h?2 i2KT2`im`2 Q7 i?2 K#B2Mi K2/BmK Bb b2i iQ +QH/ 20K- M/
i?2 BMTmi i2KT2`im`2 Q7 i?2 rBM/ Bb 500K- `2bmHiBM; BM `K@/`Bp2M rBM/ #2BM; Qp2`@T`2bbm`2/
rBi? `2bT2+i iQ i?2 K#B2Mi K2/BmK #v  7+iQ` κ0 ∼ 103X q2 /Q MQi ?v/`Q/vMKB+Hv BMpQHp2
BMi2`+iBQM Q7 >2- P- a M/ 62 iQKb- M/ iF2 RyW ?2HBmK #mM/M+2 7Q` /2i2`KBMBM; bT2+B}+
?2i `iBQ γ = 53 M/ γ = 107 Q7 iQKB+ M/ KQH2+mH` K2/B `2bT2+iBp2Hv BM a2+iBQM jXRXkX h?2
`2HiBp2 #mM/M+2 Q7 Qi?2` iQKB+ bT2+B2b b?QrM BM h#H2 jXR Bb mb2/ BM 2KBbbBQM `QmiBM2b iQ
/2i2`KBM2 i?2 HBM2 ~mt- rBi?Qmi ?pBM; i?2 iQKb T?vbB+HHv T`2b2Mi QM i?2 +QKTmiiBQMH ;`B/X
jXdXR qBM/ hBK2b+H2b
qBM/ T`QT2`iB2b `2 /2b+`B#2/ #v aKBi? Ukyy9VX 6Q`  +vHBM/`B+H Qmi~Qr bi`m+im`2 Q7 +QMbiMi
















q?2`2 ρw M/ Vw `2 i?2 /2MbBiv M/ i2`KBMH p2HQ+Biv i i?2 BMTmi bm`7+2 RwX h?2 /2MbBiv
7HHb Qz ++Q`/BM; iQ bT?2`B+H bvKK2i`v ρ ∝ r−2X h?2 /vMKB+ T`2bbm`2 2[mBHB#`BmK i i?2
7Q`r`/f#+F b?Q+F vB2H/b
















LmK2`B+H bBKmHiBQMb Q7i2M +bi BMTmi T`K2i2`b BM  /BK2MbBQMH2bb 7Q`KX 6`QK MQr QM i?2
`iBQ Q7 ρw(r) M/ ρa Bb /2}M2/ b T`K2i2` η = ρw(r)/ρaX 6Q`  ǵ?2pvǶ rBM/ rBi? η & 1- M/
vw & U- i?2 rBM/ THQm;?b ?2/X qBi? i?2 BMBiBH pHm2 Q7 ηo = 25- i?2 H2/BM; b?Q+F Bb BMBiBHHv
bi`QM;- KQpBM; rBi? ∼ 5/6VwX lTQM `2+?BM; i?2 r = Rppn ;`B/ HBKBi BM bT?2`B+H R,R +b2- η
7HHb 7`QK 25 iQ 1/4- M/ U ∼ 56 Vw /`QTb iQ U ∼ 13 VwX h?2`27Q`2- i?2b2 bBKmHiBQMb 7Q+mb QM i?2
i`MbBiBQM T?b2 BM r?B+? i?2 b?2HH 2tT2`B2M+2b  bi`QM; /2+2H2`iBQMX AM i?2 Hii2` bi;2- i?2






, Rppn & Rw UjXR3V









h?2 iBK2bTM Q7 bBKmHi2/ KQ/2Hb /2T2M/b QM i?2 BMBiBH rBM/fK#B2Mi MmK#2` /2MbBiv `iBQ-
i?2 p2HQ+Biv Q7 i?2 Qmi~Qr- i?2 BMTmi rBM/ `/Bmb M/ i?2 }MH tBH ;`B/ 2ti2MiX E22TBM;
i?2 +QMbiMi BMBiBH MmK#2` /2MbBiv `iBQ M/ p2HQ+Biv `M;2 i?2 bK2 7Q` HH i?`22 2HHBTiB+BiB2b
`2bi`BMb i?2 KQ/2HH2/ bBKmHiBQMb #2ir22M 72r 102 M/ 72r 105 v2`b 7Q` R,R bT?2`B+H 200 FK b−1
M/ 9,R 40 FK b−1 Qmi~Qrb `2bT2+iBp2HvX
jXdXk aT2+B}+ >2i _iBQ
AMi2;`iBM; i?2 +?2KB+H b2i mT Q7 TSL BMiQ i?2 bvbi2K HHQrb iQ rQ`F Qmi bvbi2KǶb γ H;2#`B+HHv
M/ BM+Q`TQ`i2 i?Bb BKTQ`iMi T`K2i2` BMiQ w1la- n Bb i?2 MmK#2` Q7 >v/`Q;2M Mm+H2B T2`
mMBi pQHmK2- f Bb i?2 `iBQ Q7 i?2 MmK#2` Q7 >v/`Q;2M KQH2+mH2b T2` mMBi pQHmK2- iQ i?2 MmK#2`
Q7 >v/`Q;2M Mm+H2B T2` mMBi pQHmK2X h?2 iQiH MmK#2` Q7 ?v/`Q;2M Mm+H2B T`2b2Mi T2` mMBi
e9 jXdX a*GAL:
pQHmK2 Bb b 7QHHQrb
n(Hnuclei) = 2n(Hmol) + n(Hatoms) UjXkyV
AM i2`Kb Q7 MmK#2` /2MbBiv Q7 ?v/`Q;2M KQH2+mH2b
n(Hmol) = 1/2[n(Hnuclei)− n(Hatoms)] UjXkRV
h?2`7Q`2 i?2 MmK#2` /2MbBiv `M;2b #2ir22M 0 M/ 1/2X  M2r mb27mH T`K2i2` Bb BMi`Q/m+2/
i?i `2T`2b2Mib i?2 #Qp2 `M;2 rBi? f = 0 #2BM; 7mHHv iQKB+- /BbbQ+Bi2/ KQH2+mH` ?v/`Q;2M
M/ f = 1/2 +Q``2bTQM/b iQ 7mHHv KQH2+mH` K2/BmK- n(Hmol) = fn(Hnuclei)X _2``M;BM; 1[m@
iBQM jXkR 7Q` MmK#2` /2MbBiv Q7 iQKB+ ?v/`Q;2M vB2H/b
n(Hatoms) = (1− 2f)n(Hnuclei) UjXkkV
aBKTHB7vBM; MQiiBQM
n(H) = (1− 2f)n UjXkjV
//BM; 10% #mM/M+2 Q7 ?2HBmK vB2H/b
n(He) = 0.1n UjXk9V
amKKBM; HH i?`22 +?2KB+H +QMbiBim2Mib BM i2`Kb Q7 n #`BM;b i?2 #mM/M+2 Q7 H Mm+H2QMb BM
rBM/ K2/BmK iQ
< n >= n(H) + n(H2) + n(He) = (1− 2f)n+ fn+ 0.1n = (1.1− f)n UjXk8V
h?2 bvbi2KǶb iQiH bT2+B}+ ?2i i +QMbiMi pQHmK2 cv Bb /2i2`KBM2/ #v i?2 bmK Q7 i?2 BM/B@
pB/mH bT2+B}+ ?2ib Q7 i?2 +QKTQM2Mib i?i `2 BM i2`M /2i2`KBM2/ #v i?2 MmK#2` Q7 /2;`22b
Q7 7`22/QKXH2 TQbb2bb2b i?`22 i`MbHiBQMH M/ irQ `QiiBQMH /2;`22b Q7 7`22/QK KFBM; }p2
/2;`22b Q7 7`22/QK BM iQiHX h?2 //BiBQMH irQ /2;`22b Q7 7`22/QK `2 B;MQ`2/ /m2 iQ ?B;? i2K@
T2`im`2b Q7 +iBpBiBQM ;`2i2` i?M 6, 000K i r?B+? H2 rQmH/ mM/2`;Q +QKTH2i2 /BbbQ+BiBQM
BMiQ iQKB+ +QMbiBim2MibX




























h?2 bT2+B}+ ?2i `iBQ γ = cp/cv iQ;2i?2` rBi? bT2+B}+ ?2i i +QMbiMi T`2bbm`2 cp = cv + kB










>2M+2 γ = 53 M/ γ = 107 biM/ 7Q` iQKB+ M/ 7mHHv KQH2+mH` K2/BmKb `2bT2+iBp2HvX aT2+B}+
?2i `iBQ Bb M 2bb2MiBH BMTmi T`K2i2` BM w1la@j.X Pi?2` 2H2K2Mib bm+? b >2- P- a M/ 62
`2 +QMbB/2`2/ BM i?2 +Q/2 i?`Qm;? i?2 +QQHBM; 7mM+iBQMb b i`+2`b iQ T`QpB/2 /B;MQbiB+bX
jXdXj J+`Qb+QTB+ S`K2i2`b
AM i?2 bBKmHiBQMb T`2b2Mi2/ BM i?Bb rQ`F- r2 ?p2 }t2/ i?2 ;`B/ T`K2i2`b 7Q` TSL `@
/Bmb i, Rppn = 0.1 ∼ 0.4 pcc BMTmi rBM/ `/Bmb- Rw = 0.01 pcc i?2 BMBiBH rBM/ i2KT2`im`2
Q7 Tw = 500K M/ +QH/ K#B2Mi K2/BmK i Ta = 20KX 6`QK i?2 1[miBQM kXj3- i?2 /2MbBiv Q7














q?2`2 he = 0.1 Bb i?2 RyW ?2HBmK #mM/M+2 rBi? `2bT2+i iQ H Mm+H2QMb- vB2H/BM; iQ nw =
ρw/1.4mpX 6Q` K#B2Mi K2/BmK- i?2 #mM/M+2 Q7 H Mm+H2QMb Bb
< m >= n(H) + 4n(He) = n(1 + 4he) UjXjRV
am#biBimiBM; i?2 #Qp2 7Q` K#B2Mi K2/BmK /2MbBiv vB2H/b-












































h?2 `2HiBQM 7Q` i?2 BMi2`MH 2M2`;v Q7 K#B2Mi K2/BmK M/ rBM/ Bb








 +QKTH2i2 b2i Q7 BMBiBH T`K2i2`b mb2/ BM bBKmHiBQMb Bb /2`Bp2/ rBi? i?2 #Qp2 2[miBQMb M/
`2 ;2M2`i2/ rBi? x2mb@2M2`;vXT`Q `QmiBM2X 7i2` r?B+? i?2 BMBiBH rBM/fK#B2Mi +QM/BiBQMb
`2 THm;;2/ BMiQ i?2 BMTmi }H2- BMx2mb b?QrM BM 6B;m`2 jXR iQ 7Q`K i?2 #mBH/BM; #HQ+F Q7 Qm`
bBKmHiBQMb 7Q` 7m`i?2` +QKTmiiBQM #v 2t2+mi#H2 t/x2mbX h?2 BMTmi /i Bb i#mHi2/ M/
bmKK`Bb2/ BM +;b mMBib 7Q` +QMpBMB2M+2 M/ Bb T`2b2Mi2/ BM TT2M/Bt X
*?Ti2` 9
JQH2+mH` *QQHBM;
JQH2+mH` 2Mp2HQT2b Q7 H2 ?p2 #22M /2i2+i2/ `QmM/ SL2 CKBM2i 2i HX URNNRVX L2`@BM7``2/
Q#b2`piBQMb ?p2 #`Q/2M2/ Qm` FMQrH2/;2 Q7 TSL BM r?B+? H2 2KBbbBQM ?b #22M KTT2/ M/
+QKT`2/ iQ i?2 iQKB+ 2KBbbBQM 6M; 2i HX UkyR3VX S`QiQTHM2i`v M2#mH #2BM; i?2 T`2/2+2bbQ`
Q7 SL2 b?QmH/ ?p2 bBKBH` KQH2+mH` 2Mp2HQT2b M/ bmbiBM  bi#H2 KQH2+mH` 2MpB`QMK2Mi /m2
iQ  `2HiBp2Hv HQr bm`7+2 i2KT2`im`2 Q7 +2Mi`H bi`b T∗ < 15, 000KX .pBb 2i HX Ukyy8V- ?p2
/2i2+i2/ H2 HBM2 2KBbbBQM BM /Bb+`2i2 b?Q+F 7`QMib BM i?2 #BTQH` HQ#2b Q7 BMp2biB;i2/ SLǶb M/
TSLǶbX TSLǶb `2 7BMi M/ `2 #2bi Q#b2`p2/ BM i?2 M2`@BM7``2/ /m2 iQ i?2 /QKBMiBQM Q7
2KBbbBQM 7`QK `/BiBp2 b?Q+Fb- i?2 /mbi Q#b+m`iBQM M/ i?2 #b2M+2 Q7 bi`QM; T?QiQBQMBbiBQM
bBM+2 i?2 bi` ?b MQi im`M2/ QM i?2 mHi`pBQH2i brBi+? .pBb 2i HX Ukyy8VX AM i?2 +b2 Q7 7bi
+QHHBKi2/ rBM/b- i?2 2t+BiiBQM Bb +mb2/ #v TbbBM; b?Q+F rp2bX h?2 b?Q+F rp2 BMi2`+ib
rBi? KQH2+mH` K2/BmK- 2t+BiBM; i?2 ;b M/ TQTmHiBM; i?2 HQr2` `Q@pB#`iBQMH H2p2Hb Q7 i?2
2H2+i`QMB+ ;`QmM/ bii2 Q7 H2X am#b2[m2Mi +QQHBM; pB `/BiBp2 /2+v 7`QK 2t+Bi2/ bii2b `2bmHib
BM b?Q+F2/ H2 M2`@BM7``2/ 2KBbbBQMX LmK2`Qmb H2 /2i2+iBQMb BM TQbi@:" bi`b ?p2 #22M
+QM}`K2/ _B2` 2i HX UkyyjVX *QHHBKi2/ 7bi rBM/b Q7 TQbi@:" bi`b b?T2 M/ b?Q+F i?2B`
bm``QmM/BM; M2#mHX q2 i2M/ iQ +QKTmi2 E #M/ ∼2µm H2 M/ QTiB+H iQKB+ 2KBbbBQM-
pB +QHHBbBQMH /2@2t+BiiBQM b+2M`BQ /`Bp2M #v C@b?Q+F 2MpB`QMK2Mi iQ T`QT2`Hv `2T`Q/m+2 i?2
Q#b2`p2/ >o KQH2+mH` 2KBbbBQM M2` i?2 bQm`+2 HQM; i?2 #Q/v Q7 i?2 HQ#2 Q7 i?2 #BTQH` Qmi~Qr
bm+? b MQi2/ BM `2+2Mi Q#b2`piBQMb Q7 *_G eR3 G22 2i HX UkyyNVX
q2 `2 7Q`2KQbi BMi2`2bi2/ BM }M/BM; i?2 +QM};m`iBQMb i?i +M THmbB#Hv 2tTHBM i?2 2tTM/BM;
TSL b b22M BM >2 2KBbbBQM HBM2bX >`BpMF 2i HX Ukyy3V 7QmM/ i?2 2KBbbBQM iQ #2 7`QK i?2 rHHb
Q7 i?2 M2#mH T`Q/m+BM; M 2HHBTbQB/H p2HQ+Biv bi`m+im`2X :H2/?BHH 2i HX UkyRRV B/2MiB}2/  7bi
ed
e3 9XRX a>P*E@1s*Ah1. H2
rBM/ BKTBM;BM; QM i?2 +pBiv rHHb M/ iBTbX pM /2 ai22M2 2i HX Ukyy3V /2i2+i2/ b?Q+F@2t+Bi2/
KQH2+mH` ?v/`Q;2M 2KBbbBQM b r2HH b +QHHBbBQMHHv@2t+Bi2/ 2KBbbBQM HBM2b 7`QK [OI]- [CI]- M/
[FeII]X 6BMHHv- :H2/?BHH  6Q`/2 UkyR8V mb2/ KQH2+mH` ?v/`Q;2M 2KBbbBQM HBM2b iQ;2i?2` rBi?
?v/`Q;2M M/ ?2HBmK `2+QK#BMiBQM HBM2b iQ 2tTHQ`2 i?2 /Bbi`B#miBQM Q7 KQH2+mH` M/ iQKB+
;b M/ /BbiBM;mBb?  `M;2 Q7 2pQHmiBQM`v bi;2bX h?Bb +?Ti2` rBHH `2pB2r i?2 bi`m+im`2- M/
2M2`;v i`MbBiBQMb Q7 >2 KQH2+mH2- /Bb+mbb i?2 mb2b Q7 `Q@pB#`iBQMH HBM2b b /B;MQbiB+ iQQHb
7Q` bim/vBM; TQbi@:" Q#D2+ibX //BiBQMH BK Q7 i?Bb bim/v Bb iQ +QKTmiiBQMHHv BMp2biB;i2
r?2i?2` i?2 ?B;? p2HQ+Biv TQbi@:" rBM/b `2 HbQ +T#H2 Q7 T`Q/m+BM; bi`QM; [Fe II] 1.64µm
M/ [Si II] 6716λ 7Q`#B//2M HBM2b- i?2 [O I] 6300λ B`;HQr HBM2- M/ >α 6563λ HBM2 rBi?BM i?2 bK2
+QHHBbBQMHHv@2t+Bi2/ b+2M`BQ rBi? C@b?Q+Fb b  bQm`+2 Q7 iQKB+ QTiB+H 2KBbbBQMX
9XR a?Q+F@1t+Bi2/ H2
AM i?2 b?Q+F rp2- H2 Bb +QHHBbBQMHHv 2t+Bi2/ Q` /BbbQ+Bi2/ M/ Bb `27Q`K2/ QM ;`BM bm`7+2b BM
i?2 TQbi@b?Q+F ;b qF2HK 2i HX UkyRdVX JQH2+mH` ?v/`Q;2M H2 mM/2`;Q2b `TB/ 7Q`KiBQM
BM ?B;? /2MbBiv `2;BQMb QM /mbi ;`BMb Qmi Q7 HIX :" Qmi~Qrb `2 i?2 KBM bQm`+2 Q7 /mbi
/2TQbBiBQM BM AaJ- ?2M+2 i?2v HbQ b2`p2 b  +iHvbi 7Q` 7Q`KiBQM Q7 KQH2+mH` ?v/`Q;2MX
aBM;H2 HI iQKB+ ?v/`Q;2M Bb #H2 iQ #BM/ iQ i?2 bm`7+2 Q7 /mbi ;`BMb #v oM /2` qHb
7Q`+2b 0.04 eV >QHH2M#+?  aHT2i2` URNdRVX HI KQp2b QM i?2 bm`7+2 Q7 i?2 ;`BM #v [mMimK
K2+?MB+H imMM2HHBM; mMiBH Bi }M/b  HiiB+2 /272+i 0.1 eVX M mMTB`2/ b2+QM/ HI HM/b QM i?2
;`BM M/ 7Q`Kb M H2 /BiQKB+ KQH2+mH2X qBi? MQ mMTB`2/ e−- i?2 KQH2+mH` ?v/`Q;2M bQQM
/2i+?2b 7`QK i?2 ;`BM BMiQ i?2 ;b T?b2 ;BMX h?2 T`Q+2bb /2b+`B#2/ #Qp2 Bb FMQrM b i?2
i?`22@#Q/v BMi2`+iBQM
H+H+ grain→ H2 + grain U9XRV
h?2 +QHHBbBQMH /BbbQ+BiBQM `2+iBQM Bb
H2 +H→ 3H
H2 +H2 → 2H + H2 U9XkV
eN 9XRX a>P*E@1s*Ah1. H2
6B;m`2 9XR,  b+?2KiB+ #v "HHv  GM2 URNNRV T`2b2MiBM;  /BbbQ+BiBM; C@ivT2 b?Q+F b b22M 7`QK M M;H2
Q7 ∼ 45 /2;`22b 7`QK i?2 T`QT;iBQM /B`2+iBQM T`Q/m+BM; `+?@HBF2 H2 2KBbbBQMX
h?2 `i2 Q7 bvMi?2bBb Q7 KQH2+mH` ?v/`Q;2M #v amiiM2` 2i HX URNNdV T`2b2Mi2/ BM 1[miBQM 9Xk
UiQT `2+iBQMV iFBM; TH+2 QM ;`BM bm7`+2b Bb
kR = 3× 10−17
(
T 0/5 fa





fa = [1 + 10 000 exp(−600/Tdust)]−1 U9X9V
qBi? Tdust }t2/ i ky EX _2+2Mi bim/B2b b?Qr H2 7Q`KiBQM QM i?2 ;`BM bm`7+2b HHQrb i`+BM;
Q7 i?2 K;M2iB+ }2H/b BM bT+2 M/2`bbQM 2i HX UkyRjVX .mbi ;`BMb 2tT2`B2M+2 `2+iBQM 7Q`+2
7`QK i?2 M2rHv 7Q`K2/ H2 +mbBM; i?2 ;`BM iQ bTBM M/ HB;M Bib2H7 rBi? i?2 K;M2iB+ }2H/ /m2
iQ _/BiBp2 HB;MK2Mi hQ`[m2X PM+2 H2 Bb 7Q`K2/- Bi +M #2 /BbbQ+Bi2/f2t+Bi2/ #v TbbBM;
b?Q+F rp2b `2bmHiBM; BM KQH2+mH` 2KBbbBQMX h?2 T`Q+2bb #Qp2 Bb bBKBH` iQ iQKB+ 2KBbbBQM
r?2`2 2H2+i`QMb i`MbBiBQM #2ir22M [mMiBb2/ 2M2`;v H2p2Hb pB #bQ`TiBQM Q` 2KBbbBQM Q7 T?QiQMb
Q7 +2`iBM rp2H2M;i?bX h?2 KQH2+mH` M/ iQKB+ 2KBbbBQM Bb ;Qp2`M2/ #v [mMimK K2+?MB+H
`mH2b Q7 b2H2+iBQM rBi? KQH2+mH` i`MbBiBQMb BMpQHpBM; pB#`iBQMH M/ `QiiBQMH i`MbBiBQMb Q7
HQr2` 2M2`;v i?M 2H2+i`QMB+ i`MbBiBQMb BM iQKbX _B;B/ `QiQ` KQ/2H b2`p2b 7Q` /2b+`BTiBQM Q`
`Q@pB#`iBQMH 2M2`;v i`MbBiBQMb Q7 bBKTH2 /BiQKB+ KQH2+mH2b Q7 irQ TQBMi Kbb2b i  }t2/
BMi2`Mm+H2` /BbiM+2X
dy 9XRX a>P*E@1s*Ah1. H2
9XRXR _Q@pB#`iBQMH H2 GBM2b
 bBKTH2 /BiQKB+ KQH2+mH2 ?b irQ #QmM/ Mm+H2B Q`#BiBM; 2+? Qi?2` #Qmi i?2B` +QKKQM +2Mi`2
Q7 KbbX bbmKBM; MQ +?M;2 BM BMi2`Mm+H2` /BbiM+2 #2ir22M i?2 irQ T`iB+H2b- i?2`27Q`2
2bi#HBb?BM; `QiiBQMH 2M2`;v pB +HbbB+H TT`Q+? rBi? M;mH` KQK2MimK Q7 J = Iω r?2`2 ω



























M;mH` KQK2MimK Bb [mMiBb2/ M/ Bb `2Hi2/ iQ M;mH` KQK2MimK [mMimK MmK#2`









_QiiBQMH H2p2Hb ?p2 #22M bbB;M2/ i?2 7QHHQrBM; H#2HHBM; b+?2K2, ∆J = −2, −1, 0, +1, +2
+Q``2bTQM/BM; iQ O, P, Q, R M/ S #`M+?2b `2bT2+iBp2HvX A/2MiB+HHv- i?2 pB#`iBQMH 2M2`;v
H2p2Hb `2







q?2`2 v Bb i?2 pB#`iBQMH [mMimK MmK#2` ν = 0, 1, 2, 3...X a?Q+F rp2b i`B;;2` i?2 `QiiBQMH
M/ pB#`iBQMH 2M2`;v H2p2Hb Q7 +QMbiBim2Mi H2 KQH2+mH2bX JQH2+mH` ?v/`Q;2M ?b MQ /BTQH2 KQ@
K2Mi M/ TQbb2bb2b  T2`KM2Mi [m/`mTQH2 KQK2Mi 2M#HBM; `QiiBQMH i`MbBiBQMb BM O- Q M/
S #`M+?2b- +Q``2bTQM/BM; iQ +?M;2 BM `QiiBQMH [mMimK MmK#2` ∆J = −2, 0, 2- `2bT2+iBp2HvX
dR 9XRX a>P*E@1s*Ah1. H2
6B;m`2 9Xk, h?2 `Q@pB#`iBQMH 2M2`;v H2p2H /B;`K 7Q` i?2 >k KQH2+mH2- b?QrBM; bQK2 Q7 i?2 i`MbBiBQMb-
pBbB#H2 rBi?BM i?2 aAL6PLAR rp2H2M;i? `M;2- Q#b2`p2/ BM bQK2 SSL2fSL2X h?2 a@ M/ Z@#`M+? i`MbBiBQMb
`2 ;Bp2M #v i?2 `2/ UbQHB/V M/ #Hm2 U/b?2/V HBM2b- `2bT2+iBp2HvX 1M2`;v /B;`K #v ErQF UkyydV(TXek)X
dk 9XRX a>P*E@1s*Ah1. H2
h#H2 9XR, 1KBbbBQM HBM2 rp2H2M;i?b- ;b i2KT2`im`2 M/ b?Q+F p2HQ+BiB2bX H2 2KBbbBQM i`+2 ?B;? i2KT2`im`2
`2;BQMb HQ+iBM; TbbBM; b?Q+F rp2bX CO 2KBbbBQM i`+2 +QQH ;b JQ`;?M Ukyy3VX
P7 i?2b2- i?2 KQbi +QKKQM Q#b2`p2/ `Q@pB#`iBQMH i`MbBiBQMb r?B+? `2 mb27mH b /B;MQbiB+b Bb
i?2 1→ 0 S(1) HBM2 i 2.12µm rBi? ∆ν = 1→ 0 M/ ∆J = 3→ 1 M/  HQr2` 2M2`;v 2→ 1 S(1)
HBM2 i 2.24µm rBi? ∆ν = 2→ 1 M/ ∆J = 3→ 1 H#2HH2/ BM 6B;m`2 9XkX "Qi? HBM2b `2 Q`i?Q
i`MbBiBQMb rBi? 2[mH mTT2` /2;2M2`+B2b M/ 7HH rBi?BM i?2 M2`@BM7``2/ E@#M/ rBM/QrX H2
i`MbBiBQMb #2ir22M `Q@pB#`iBQMH H2p2Hb Kmbi biBb7v C 4 y- Ǭ k- rBi? C 4 Ǭ R 7Q`#B//2M _
#`M+? /m2 iQ H+F Q7 /BTQH2 KQK2MiX AM i?2 #Qp2 h#H2 9XR- H2 1→ 0 S(1) 2M2`;v H2p2H Bb i
6000K- i i?Bb pHm2 H2 rQmH/ mM/2`;Q [mB+F /BbbQ+BiBQM- ?2M+2 i?2 KQH2+mH2 `/Bi2b KBMHv BM
i?Bb HBM2 i i?2 i2KT2`im`2 Q7 2000KX h?2 `Bb2 Q7 2KBbbBQM BM M2`@BM7``2/ H2 HBM2b +M #2 +QM@
i`B#mi2/ iQ b2p2`H K2+?MBbKb i?i TQTmHi2 i?2 `Q@pB#`iBQMH H2p2Hb Q7 i?2 2H2+i`QMB+ ;`QmM/
bii2X h?2`2 `2 R9 #QmM/ pB#`iBQMH H2p2Hb TQbb2bb2/ #v i?2 ;`QmM/ 2H2+i`QMB+ bii2- rBi? 2+?
Q7 i?Qb2 H2p2Hb #2BM; bTHBi BMiQ  MmK#2` Q7 `QiiBQMH H2p2Hb b BM/B+i2/ BM 6B;m`2 9XjX h?2`27Q`2-
2+? 2H2+i`QMB+ bii2 +QMiBMb  b2i Q7 `Q@pB#`iBQMH H2p2Hb B/2MiB}2/ #v  pB#`iBQMH [mMimK
MmK#2` v M/  `QiiBQMH [mMimK MmK#2` JX h?2 /BbbQ+BiBQM 2M2`;v Q7 H2 Bb 4.48 eV- r?B+?
+Q``2bTQM/b iQ  KQH2+mH` FBM2iB+ p2HQ+Biv Q7 ∼ 20 kms−1X
*QH/ KQH2+mH` +HQm/b Q7 72r ∼ 10K `2 BMbm{+B2Mi iQ 2t+Bi2 i?2 HQr2bi `Q@pB#`iBQMH 2M2`;v
H2p2Hb +Q``2bTQM/BM; iQ i2KT2`im`2 pHm2b Q7 ∼ 6000KX h?2`2 `2 b2p2`H K2+?MBbKb i?i +QmH/
+QMi`B#mi2 iQ i?2 TQTmHiBQM Q7 i?2 `Q@pB#`iBQMH H2p2Hb Q7 i?2 2H2+i`QMB+ ;`QmM/ bii2 M/ 2t+Bi2
i?2 2KBbbBQM Q7 M2` BM7``2/ `Q@pB#`iBQMH H2 HBM2bX PM2 K2+?MBbK Bb /m2 iQ lo ~mQ`2b+2M+2
M2` ?Qi bi`b- r?B+? H2/b iQ TQTmHiBQM Q7 #Qi?- ?B;? M/ HQr v bii2bX AM i?Bb +b2- i?2 H2
KQH2+mH2 i`MbBiBQMb BMiQ 2t+Bi2/ 2H2+i`QMB+ bii2 pB #bQ`TiBQM Q7 lo T?QiQMb BM GvKM M/
q2`M2` #M/b rBi? 2M2`;B2b #2ir22M 11 ∼ 14 eV +Q``2bTQM/BM; iQ lo rp2H2M;i?b Q7 0.1µmX 
bm#b2[m2Mi /2+v H2/b iQ KQH2+mH2 /BbbQ+BiBQM Q` /2+v #+F BMiQ `Q@pB#`iBQMH H2p2Hb Q7 i?2
;`QmM/ bii2 7QHHQr2/ #v /2+vb i?`Qm;?  +b+/2 Q7 `Q@pB#`iBQMH i`MbBiBQMb rBi?BM i?2 ;`QmM/
2H2+i`QMB+ bii2 b?QrM BM 6B;m`2 9XjX MQi?2` 2t+BiiBQM K2+?MBbK Bb +QHHBbBQMH 2t+BiiBQM Q7
H2 KQH2+mH2b BM i?2 ?Qi TQbi@b?Q+F ;b- r?B+? Bb i?2 KBM iQTB+ Q7 BMi2`2bi BM i?Bb rQ`FX h?2
/`BpBM; 2M;BM2 7Q` i?Bb K2+?MBbK Q7 `Q@pB#`iBQMH H2p2Hb TQTmHiBQM Bb +QHHBbBQMb Q7 H2 rBi? Qi?2`
dj 9XRX a>P*E@1s*Ah1. H2
6B;m`2 9Xj, 1H2+i`QMB+ TQi2MiBHb Q7 H2 b  7mM+iBQM Q7 i?2 b2T`iBQM #2ir22M #Qi? iQKbX h?2 bm#b+`BTib ;
M/ m biM/ 7Q` ;2`/2 U2p2MV M/ mM;2`/2 UQ//V bvKK2i`B2bX oB#`iBQMH M/ `QiiBQMH H2p2Hb `2 BM/B+i2/
b+?2KiB+HHv 7Q` i?2 HQr2bi 2H2+i`QMB+ H2p2HX 1M2`;v H2p2Hb `2 BM/B+i2/ rBi? `2bT2+i iQ i?2 ;`QmM/ bii2 Up 4
yVX G2p2Hb rBi? pB#`iBQMH 2t+BiiBQM p = R9- BM i?2 +QMiBMmmK `2;BQM- H2/ iQ i?2 /BbbQ+BiBQM Q7 i?2 KQH2+mH2X
/Ti2/ 7`QK G2 S2iBi UkyykVX
H2 KQH2+mH2b- iQKb Q` 2H2+i`QMbX h?2 ;b i2KT2`im`2 Bb ivTB+HHv Q7 Q`/2` 2000 ∼ 3000K- i?mb
+QHHBbBQMH 2t+BiiBQM i2M/b iQ TQTmHi2 i?2 HQr2` v pB#`iBQMH H2p2Hb- ?B;?2` i2KT2`im`2b rBHH
H2/ iQ /BbbQ+BiBQM b K2MiBQM2/ T`2pBQmbHvX h?2 bB;Mim`2b Q7 b?Q+F@2t+Bi2/ H2 2KBbbBQM `2 i?2
#b2M+2 Q7 i`MbBiBQMb 7`QK ?B;? v H2p2Hb M/  HQr 2→ 1 S(1)/1→ 0 S(1) HBM2 `iBQ (∼ 1 : 10)X
h?2 rBM/ +mb2b  ?v/`Q/vMKB+H DmKT BX2 C@b?Q+F- 7QHHQr2/ #v  `/BiBp2 +QQHBM; Hv2`X h?Bb
Hv2` Bb  +QK#BMiBQM Q7  ?Qi xQM2 BM r?B+? H2 Bb /BbbQ+Bi2/- T`Q/m+BM; /BbbQ+BiBp2 +QQHBM;-
M/ ;2M2`iBM; iQKB+ HBM2 2KBbbBQM- 7QHHQr2/ #v i?2 `/BiBp2 +QQHBM; xQM2- r?2`2 i?2 `2KBMBM;
H2 Bb 2t+Bi2/ rBi?Qmi /BbbQ+BiBQM b /2TB+i2/ BM 6B;m`2 9XRX q2 KQ/2H M QTiB+HHv i?BM K#B2Mi
K2/BmK- ?2M+2 MQ #bQ`TiBQM Q++m`bX h?2 2t+Bi2/ KQH2+mH2b i?2M /2+v pB 2H2+i`B+ [m/`mTQH2
i`MbBiBQMb QM iBK2 b+H2b Q7 Q`/2` 106 b "H+F  .H;`MQ URNdeVX
h?2 HBM2 bi`2M;i? `iBQ +QKT`BbQM 2M#H2b QM2 iQ /BbiBM;mBb? #2ir22M i?2 irQ 2t+BiiBQM K2+?@
MBbKbX a?mHH  >QHH2M#+? URNd3V MQi2 i?i #Qp2 +`BiB+H /2MbBiB2b Q7 ncrit = 105 cm−3- i?2
d9 9XRX a>P*E@1s*Ah1. H2
HBM2 `iBQ rBHH `2b2K#H2 i?Qb2 2tT2+i2/ 7Q`  ;b BM HQ+H i?2`KH 2[mBHB#`BmK UGh1V rBi? +QHHB@
bBQMH /2@2t+BiiBQM #2+QKBM; BKTQ`iMi rBi? +QQHBM; `i2 Λ ∝ n(H2)X AM HQr /2MbBiv `2;BK2 Q7
n < ncrit- H2 KQH2+mH2 BM M 2t+Bi2/ H2p2H `/Bi2b #27Q`2 #2BM; +QHHBbBQMHHv /2@2t+Bi2/- M/ i?2
+QQHBM; `i2 Bb T`QTQ`iBQMH iQ Λ ∝ n(H2)2- r?B+? Bb HbQ mb2/ iQ +H+mHi2 i?2 +QQHBM; H2M;i? BM
TQbi@b?Q+F xQM2b BM a2+iBQM jXR M/ /2i2`KBM2 ;`B/ bBx2 `2bQHmiBQMX h?2 2→ 1 S(1)/1→ 0 S(1)
HBM2 `iBQ +M #2 mb2/ b M BM/B+iQ` Q7 b?Q+F Q` ~mQ`2b+2Mi 2t+BiiBQM- 7Q` ?B;? /2MbBiv n > ncrit
b?Q+F2/ H2 ;b- i?2 `iBQ +M #2 ∼ 0.1X h?2 `iBQ pHm2b /2T2M/ QM b?Q+F p2HQ+Biv M/ T`2@b?Q+F
;b /2MbBiv- rBi? b?Q+F2/ H2 +T#H2 Q7 T`Q/m+BM; pHm2b b ?B;? b ∼ 0.25 UaKBi?- RNN8VX PM
i?2 Qi?2` ?M/ 6lo TmKTBM; BM HQr /2MbBiv `2;BQMb T`Q/m+2b Tm`2 ~mQ`2b+2M+2 pHm2 Q7 ∼ 0.5-
?Qr2p2`- BM ?B;? /2MbBiv ;b `2;BQMb i n > ncrit M/ 2tTQb2/ iQ ?B;? ~mt2b- 6lo TmKTBM; HBM2
`iBQ +M KBKB+ i?2 ∼ 0.1 `iBQ 7QmM/ BM b?Q+F2/ ;b >QHH2M#+?  Lii URNN8VX
9XRXk AMi2`MH 1M2`;v  JQH2+mH` *QQHBM;
S?vbB+H +QM/BiBQMb iFBM; TH+2 BM TSL2 Bb /2i2`KBM2/ rBi? KQH2+mH` 2KBbbBQM M/ #bQ`TiBQM
HBM2bX h?2 T`K2i2`b Q7 /2MbBiv- i2KT2`im`2 M/ p2HQ+BiB2b Bb 2biBKi2/ rBi? HBM2 ~mt 2tKBM@
iBQMX PM2 Q7 i?2 KBM BKb Q7 i?Bb `2b2`+? Bb M ++m`i2 TQ`i`vH Q7 +?2KB+H `2+iBQMb iFBM;
TH+2 BM KQH2+mH` Qmi~QrbX JQ/2HHBM; +imH 2H2+i`QM i`MbBiBQMb BM iQKb M/ `Q@pB#`iBQMH
i`MbBiBQMb BM KQH2+mH2b /m`BM;  bBKmHiBQM rQmH/ #2 +QKTmiiBQMHHv BMi2MbBp2X h?2 KQH2+mH`
`QmiBM2b 2KTHQv2/ #v w1la@j. mb2/ BM i?Bb i?2bBb Bb #b2/ QM 2[miBQMb #v amiiM2` 2i HX URNNdVX
h?2 KQH2+mH`fiQKB+ +QQHBM; b2[m2M+2 Bb b 7QHHQrb, i?2 T`iB+H2b UiQKb- BQMb M/ KQH2+mH2bV
FBM2iB+ 2M2`;v Bb BM+`2b2/ rBi?  Tbb;2 Q7 bmT2`bQMB+ b?Q+F rp2 i?`Qm;?  K2/BmK- r?B+?
BM im`M H2/b iQ M BM+`2b2 BM +QHHBbBQM `i2b M/ bm#b2[m2Mi 2t+BiiBQM 2M2`;vX 6Q` i?2 +b2
Q7 BQMb M/ iQKb- i?2 2H2+i`QMb i`MbBiBQM 7`QK KQ`2 bi#H2 2M2`;v bii2b iQ ?B;?2`- H2bb bi#H2
iQKB+ Q`#BiHbX 1t+Bi2/ bii2b #2BM; H2bb bi#H2 `2bmHi BM 2H2+i`QMb +b+/2 #+F iQr`/b KQ`2
bi#H2 2M2`;v bii2b mM/2`;QBM; 2t+2bb 2KBbbBQM BM i?2 7Q`K Q7 1J `/BiBQMX AM i?2 +b2 Q7
KQH2+mH2b- i?2 BM+`2b2 Q7 2M2`;v `2bmHib BM 2t+BiiBQM Q7 `Q@pB#`iBQMH bii2b Q7 KQH2+mH` #QM/b-
bm#b2[m2MiHv H2 HQQb2 i?2`KH 2M2`;v #v +QHHBbBQMb rBi? Qi?2` H2 KQH2+mH2b- iQKb- Q` 2H2+i`QMb
#v  T`Q+2bb Q7 +QHHBbBQMH /2@2t+BiiBQM
A+B → A+B∗ U9XRkV
B∗ → B + !ω U9XRjV
h?2 #Qp2 `2+iBQM /2TB+ib irQ 2H2K2Mib A M/ B BM i?2 ;`QmM/ bii2- r?2`2 B∗ biM/b 7Q` i?2
d8 9XRX a>P*E@1s*Ah1. H2
6B;m`2 9X9,  HQ; ;`T? /BbTHvBM; i?2 +QQHBM; 7mM+iBQMb i ;Bp2M /2MbBiv n- M/ KQH2+mH` 7`+iBQM Q7 H2-
fX h?2 i2KT2`im`2 /2i2`KBM2b i?2 +QQHBM; `i2bX h?2 MmK2`B+H H#2HHBM; BM/B+i2bc RX :b@:`BM +QQHBM;- kX
H2 `Q@pB#`iBQMH +QQHBM;- jX iQKB+ +QQHBM;- 9X H2O `QiiBQMH +QQHBM;- 8X H2O M/ H pB#`iBQMH +QQHBM;-
eX pB#`iBQMH H2O M/ H2 +QQHBM;- dX H2 /BbbQ+BiBQM +QQHBM;- 3X H2 `2BM7Q`KiBQM ?2iBM;- NX CO `QiiBQMH
+QQHBM;- RyX CO M/ H2 pB#`iBQMH +QQHBM;- RR CO M/ H pB#`iBQMH +QQHBM;- RkX [O I] 63µm }M2 bi`m+im`2
+QQHBM; RjX OH `QiiBQMH +QQHBM;X 6B;m`2 +`2/Bi aKBi?  _Qb2M UkyyjV
2tBi2/ bii2 Q7 2H2K2Mi B M/ !ω Bb i?2 2M2`;v Q7 2KBii2/ T?QiQMX hQ 2M#H2 7m`i?2` `2/m+iBQM
BM +QKTmiiBQMH +Qbi- i?2 2tTQM2Mib pHm2b Q7 i?2 +QQHBM; 7mM+iBQMb ?p2 #22M T`2pBQmbHv T`2@
+H+mHi2/ M/ i#mHi2/ BM HQQF@mT i#H2bX h?2 i2KT2`im`2 i?`2b?QH/ Bb HbQ /2bB;M2/ iQ
7m`i?2` BM+`2b2 i?2 bT22/ Q7 i?2 +Q/2X >2M+2- i?2 KQH2+mH` +QQHBM; `QmiBM2 Bb /BpB/2/ BMiQ
?B;? M/ HQr i2KT2`im`2 `2;BK2 rBi? T > 3, 000K M/ T < 3, 000K `2bT2+iBp2Hv iQ +QMbB/2`
+2`iBM +QQHMib b BKTQ`iMiX M 2tKTH2 Q7 +QQHBM; `i2b ;BMbi i2KT2`im`2 Bb T`2b2Mi2/ #v
6B;m`2 9X9 iF2M 7`QK aKBi?  _Qb2M UkyyjVX h?2 //2/ +QQHBM; i2`K `2T`2b2Mib i?2 +QQHBM;
7mM+iBQM- r?B+? Bb  7mM+iBQM Q7 i?`22 p`B#H2b- i?2 ;b i2KT2`im`2 T - /2MbBiv Q7 ?v/`Q;2M
Mm+H2B n- M/ KQH2+mH` ?v/`Q;2M #mM/M+2 f X h?2 BMi2`MH 2M2`;v 2[miBQM 1[miBQM jX3 Bb
Hi2`2/ #v BM+Hm/BM; M //BiBQMH +QQHBM; i2`K BM BMi2`MH 2M2`;v HQbb i?`Qm;? `/BiBQM M/




e+ p∇ ·V + Λ(T, n, f) = 0, [erg cm−3 s−1] U9XR9V
*QQHBM; 7`QK i?2 /BbbQ+BiBQM Q7 KQH2+mH` ?v/`Q;2M rBi? `2+iBQM `i2 +Q2{+B2Mib iF2b i?2
de 9XRX a>P*E@1s*Ah1. H2
7Q`K




h?2 }`bi i2`K Bb i?2 4.48 eV Q7 /BbbQ+BiBQM 2M2`;v Q7 H2 KmHiBTHB2/ #v `2+iBQM `i2 +Q2{+B2MibX
h?2 +QHHBbBQMH /BbbQ+BiBQM `i2b 7Q` 1[miBQM 9Xk UKB//H2  #QiiQK `2+iBQMV `2 /2i2`KBM2/
#v a?TB`Q  EM; URN3dVX

























h?2 7QHHQrBM; irQ TT`QtBKiBQMb `2T`2b2Mi +`BiB+H /2MbBiB2b 7Q` /BbbQ+BiBQM #v +QHHBbBQMb Q7
KQH2+mH` ?v/`Q;2M rBi? iQKB+ ?v/`Q;2M- n1- M/ rBi? Bib2H7- n2X
*QHHBbBQMH ?2iBM; BM b?Q+F rp2b i`B;;2`b i?2 `QiiBQMH M/ pB#`iBQMH 2t+BiiBQM Q7 +QMbiBim2Mi
H2 KQH2+mH2bX h?2 b2T`i2 pB#`iBQMH M/ `QiiBQMH +QQHBM; 7mM+iBQMb r2`2 HBbi2/ #v aKBi? 















q?2`2 i?2 pB#`iBQMH LHv - LLv M/ `QiiBQMH LHr - LLr +QQHBM; +Q2{+B2Mib Q7 ?B;? M/ HQr /2MbBiv
`2 T`QpB/2/ BM TT2M/Bt " HQM; rBi?  b2i Q7 Rj bm#@7mM+iBQMb 7Q` Qi?2` +?2KB+H bT2+B2b #v
aKBi?  _Qb2M UkyyjVX
9XRXj E@"M/ AMi2;`iBQM  _i2 *Q2{+B2Mib
JQH2+mH` ?v/`Q;2M TQbb2bb2b  T2`KM2Mi [m/`mTQH2 KQK2Mi ∆J = −2, 0, 2 2M#HBM; `Qi@
iBQMH i`MbBiBQM BM O- Q M/ S #`M+?2b `2bT2+iBp2HvX P7 i?2b2- i?2 KQbi +QKKQM Q#b2`p2/
`Q@pB#`iBQMH i`MbBiBQMb r?B+? `2 mb27mH b /B;MQbiB+b `2 i?2 1→ 0 S(1) HBM2 i 2.12µm M/
HQr2` 2M2`;v 2→ 1 S(1) HBM2 i 2.24µm- #Qi? HBM2b `2 Q`i?Q i`MbBiBQMb rBi? 2[mH mTT2` /2;2M@
2`+B2b i?i 7HH rBi?BM i?2 `M;2 Q7 LA_ E@#M/ rBM/Qr M/ `2 mb2/ b /B;MQbiB+ BM a2+iBQM
8X SQr2` +QQHBM; Hr +Q2{+B2Mib `2 HBbi2/ BM TT2M/Bt "X h?2 HBM2 2KBbbBQM T`QT2`iB2b `2
dd 9XRX a>P*E@1s*Ah1. H2
/2i2`KBM2/ 7`QK i?2 TQTmHiBQM /2MbBiv Q7 i?2 mTT2` H2p2H NjX  MQM@2[mBHB#`BmK +?2KBbi`v Bb
bbmK2/ rBi? MQM@Gh1 ULGh1V bii2- BM r?B+? i?2 pB#`iBQMH H2p2Hb `2 MQi /Bbi`B#mi2/ ++Q`/@
BM; iQ i?2 "QHixKMM /Bbi`B#miBQMX lMHBF2 i?2 pB#`iBQMH H2p2Hb- `QiiBQMH H2p2Hb rBi?BM 2+?
`QiiBQMH #M/ `2 bbmK2/ iQ #2 BM Gh1 M/ 7QHHQr i?2 "QHixKMM /Bbi`B#miBQM /m2 iQ Km+?
HQr2` `/BiBp2 i`MbBiBQM `i2bX h?2 iBK2 BM #2ir22M +QHHBbBQMb BM LGh1 Bb HQM; 2MQm;? iQ HHQr
7Q` `/BiBp2 /2+vb iQ HQr2` H2p2Hb pB bTQMiM2Qmb `/BiBp2 i`MbBiBQMbX h?Bb TQbbB#BHBiv `2/m+2b
i?2 Gh1 mTT2` H2p2H TQTmHiBQM 7`+iBQM iQ M2r LGh1 7`+iBQM r?B+? r2 +HH i?2 /2pBiBQM 7+@
iQ` ηjX aBM+2 HB;?i- bvKK2i`B+ >2 KQH2+mH2 ?b bKHH KQK2Mi Q7 BM2`iB rBi? r2F [m/`mTQH2
i`MbBiBQMb M/ rB/2Hv bT+2/ `QiiBQMH H2p2Hb H2/BM; iQ H`;2 2M2`;v /Bz2`2M+2 Q7 512K 7Q`






r?2`2 o1 M/ o0 `2 i?2 TQTmHiBQMb Q7 i?2 }`bi M/ ;`QmM/ pB#`iBQMH H2p2Hb M/ V1/V0 Bb
;Bp2M #v
V1/V0 =
Γ1,0 exp (−Tv/T )





exp (−5648/T ) U9XkkV
V1/V2 Bb ;Bp2M b  `iBQ Q7 mTT2` M/ HQr2` TQTmHiBQM H2p2Hb rBi?BM v = 2
V2up = Γ2,1 + (1 + A1,0/Γ1,0)Γ2,0 U9XkjV
V2down = Γ2,1 + Γ2,0 +A2,0 +A2,1 U9Xk9V
Γj′ j = kj′ jH2 n(H2) + k
j′ j
H n(H) U9Xk8V
Γj′ j Bb i?2 1BMbi2BM +Q2{+B2Mi 7Q` J→ J− 2 i`MbBiBQM M/ Tv = 5987K Bb i?2 i2KT2`im`2 /Bz2`@
2M+2 #2ir22M i?2 mTT2` M/ HQr2` pB#`iBQMH H2p2Hb M/ Aj′,j Bb i?2 `/BiBQM +Q2{+B2Mib Q` 2H2+@
i`B+ [m/`mTQH2 bTQMiM2Qmb i`MbBiBQM T`Q##BHBiv #v hm`M2` 2i HX URNddV i?i `2 p2`;2/ 7Q` J
H2p2H BM i?2 ;Bp2M v bii2, A1,0 = 8.3× 10−7 s−1, A2,0 = 4.1× 10−7 s−1 M/ A2,1 = 1.1× 10−6 s−1c
g0 = g1 = g2 = 1 M/ i`MbBiBQM 2M2`;B2bc E1,0/k = E2,1/k = 0.5E2,0/k = 5860K #v >QHH2M#+?
 J+E22 URNdNVX kj′,jH2 M/ k
j′,j
H `2 i?2 /2@2t+BiiBQM `i2 +Q2{+B2Mib 7Q` +QHHBbBQMb rBi? >2 M/
> i#mHi2/ BM h#H2 9XkX h?2b2 T`K2i2`b 7Q`K  i?`22@H2p2H +QQHBM; bvbi2K 7Q` v = 0, 1, 2
pB#`iBQMH H2p2Hb rBi? +QM/2Mb2/ `QiiBQMH H2p2Hb Q7  ;Bp2M pB#`iBQMH bii2X aBM+2 i?2 2t+Bi@
iBQM 2M2`;v Q7 i?2 }`bi pB#`iBQMH bii2 Bb T < 6000K M/ pB#`iBQMH +QHBM; Bb HbQ #2HQr i?i
d3 9XRX a>P*E@1s*Ah1. H2
2M2`;v i T < 4000K M/ +M #2 TT`QtBKi2/ rBi? i?2 #Qp2 +QM/2Mb2/ H2p2H bvbi2K rBi?Qmi
i?2 M22/ 7Q` +QMbB/2`#H2 +QKTmiiBQMH 2tT2Mb2 Q7 i`2iK2Mi Q7 2+? BM/BpB/mH 2t+Bi2/ H2p2HX
Nj Bb i?2M ;Bp2M #v
Nj =





r?2`2 gj = (2I +1)(2J +1) Bb i?2 /2;2M2`+v Q7 i?2 H2p2H biBb7vBM; i?2 2t+HmbBQM T`BM+BTH2 I = 0
T` bii2b `2 TB`2/ rBi? 2p2M J- r?BH2 I = 1 Q`i?Q bii2b `2 TB`2/ rBi? Q// J- ?2M+2 i?2
HBM2 BMi2MbBiv Bb T`QTQ`iBQMH iQ i?2 biiBbiB+H r2B;?i Q7 21 7Q` #Qi? i`MbBiBQMb M/ Tr = 1015K
Bb i?2 i2KT2`im`2 /Bz2`2M+2 #2ir22M i?2 mTT2` M/ HQr2` `QiiBQMH H2p2Hb rBi?BM VjX Q (T) Bb
i?2 KQH2+mH2 T`iBiBQM 7mM+iBQM r?B+? Bb iF2M b Q (T) = (T/40.75) [1− exp (−5 987/T)]−1 7Q`














r?2`2 h Bb SHMFǶb +QMbiMi- c Bb i?2 bT22/ Q7 HB;?i `2bT2+iBp2Hv M/ wj Bb i?2 bTQMiM2Qmb `/BiBp2
/2+v i#mHi2/ #v hm`M2` 2i HX URNddV Z1,0 = 3.47 × 10−7 s−1 M/ Z2,1 = 4.98 × 10−7 s−1 X
h?2 E˙ E@#M/ bT2+i` Bb i?2M BMi2;`i2/ Qp2` i?2 pi/2 /2;`22b /m2 iQ +vHBM/`B+H bvKK2i`v- i?mb
KBMiBMBM;  +QMbiMi pQHmK2 7Q` 2+? 2H2K2Mi Q7 ;b i?i Bb T`QD2+i2/ QM iQ i?2 kĜ. **.
BK;2 BM a2+iBQM 8XNX h?2 iQiH pQHmK2i`B+ 2KBbbBQM Bb bmKK2/ mT i?`Qm;? i?2 r?QH2 ;`B/ M/
KmHiBTHB2/ #v i?2 xQM2 bBx2 +m#2/ `2bmHiBM; BM i?2 /BbbBTiBQM Q7 2M2`;v 7`QK i?2 r?QH2 #Qr BM
6B;b eXN @ eXRRX  jĜ. /i +m#2 Bb +QMbi`m+i2/ HQM; rBi? i?2 p2HQ+Biv BM7Q`KiBQM iQ T`Q/m+2
So /B;`Kb BM b2+iBQM eXkX
dN 9XRX a>P*E@1s*Ah1. H2
h#H2 9Xk, H2 +QHHBbBQMH /2@2t+BiiBQM `i2bX
*QHHBbBQM ivT2 _i2 +Q2{+B2Mib (cm3 s−1) _272`2M+2
oB#`iBQMH >@>2 k(1,0)H =

RX9×10−13 exp[(T/125)− (T/577)2]- T < Tv
RXy ×10−12T 1/2 exp(−1000/T ) T
> Tv.
R- k
k(2,1)H = 4.5× 10−12T 1/2 exp(−(500/T )2) j
k(2,0)H = 1.6× 10−12T 1/2 exp(−(400/T )2) j





k(2,0)H2 = 0 j
S`K2i2`b, Tv = 1635K- BM2HbiB+ `QiiBQMH +`Qbb b2+iBQM σ0 = 10−16 cm2 M/ v = (8kT/pimH)1/2 Bb i?2
p2`;2 i?2`KH bT22/ Q7 M BM+B/2Mi ?v/`Q;2M KQH2+mH2 rBi? ∆E = E(v′, J′)− E(v, J) /2MQiBM; /2+`2b2
BM /2@2t+BiiBQM `i2bX h#mHi2/ +QHHBbBQMH /2@2t+BiiBQM `i2 +Q2{+B2Mib `2 T`2b2Mi2/ ;`T?B+HHv BM
6B;X 9X8X
_272`2M+2b, G2TT  a?mHH URN3jV1- a?mHH  "2+FrBi? URN3kV2- >QHH2M#+?  J+E22 URNdNV3X
6B;m`2 9X8, *QHHBbBQMH /2@2t+BiiBQM `i2 +Q2{+B2Mib 7Q` >@>2 M/ >2@>2 +QHHBbBQMb 7`QK h#H2 9Xk BM/B+iBM;
?B;?2` `i2b 7Q` pB#`iBQMH >@>2 +QHHBbBQMb BM i?2 `M;2 Q7 102 − 104K M/ /QKBMMi +QQHBM; #v +QHHBbBQMH
/BbbQ+BiBQM 7Q` T > 4000KX
3y 9XkX hPJA* _1*PJ"ALhAPL
6B;m`2 9Xe, _i2 +Q2{+B2Mib *cion 7Q` `2+QK#BMiBQM M/ +QHHBbBQMb KmHiBTHB2/ #v `2HiBp2 #mM/M+B2b 7Q`, (OA)
_2vMQH/b URN3NV- Hα _; 2i HX UkyR8V- (SAA) _2vMQH/b URN3NV M/ (FeAA) aKBi? URNN9#V
9Xk iQKB+ _2+QK#BMiBQM
h?2 iQiH 2KBbbBQM 2H2K2Mi dL #v `2+QK#BMiBQM rBi?BM  pQHmK2 2H2K2Mi dV Bb
dL = 4pijiondV [erg s
−1]. U9XkNV





−1 cm−3 sr−1] U9XjyV
h?mb- i?2 2KBbbBpBiv Q7 iQKB+ 2H2K2Mib Bb /2T2M/2Mi QM i?2 MmK#2` /2MbBiB2b Q7 7`22 2H2+i`QMb
ne M/ BQMb nion U?2`2 BM mMBib Q7 cm−3V- i?2 i2KT2`im`2 /2T2M/2Mi T`Q/m+iBQM `i2 +Q2{+B2Mib
7Q` `2+QK#BMiBQM M/ +QHHBbBQMb- *cion(T )- BM mMBib Q7 cm3 s−1 b T`2b2Mi2/ BM 6B;X 9Xe- M/ i?2
2KBii2/ T?QiQM 2M2`;v Q7 +Q``2bTQM/BM; rp2H2M;i? BM ergX r?2`2 *λ Bb  T?QiQM 2KBbbBpBiv Q7




ion(T )ne nion [cm
−3 s−1] U9XjRV
:Bp2M i?i r2 FMQr i?2 i2KT2`im`2 Q7 i?2 K2/BmK M/ i?2 MmK#2` /2MbBiB2b- r2 +M +H+mHi2
i?2 2KBbbBpBivX HH 7Qm` HBM2 2KBbbBQM KQ/2Hb `2 /2b+`B#2/ #2HQr BM /2iBHX
iQKB+ QTiB+H 2KBbbBQM +Q``2bTQM/ iQ b?Q`i2` rp2H2M;i?b +QKT`2/ iQ KQH2+mH` 2KBbbBQM /m2
iQ 2H2+i`QMB+ i`MbBiBQMb #2BM; i?2 ?B;?2bi ∼R 2oX AM KQH2+mH` +b2- i?2 BMi2`K2/Bi2 pB#`iBQMH
i`MbBiBQMb `2 Q7 Q`/2` ∼ 10−3 2o- 7QHHQr2/ #v `QiiBQMH i`MbBiBQMb rBi? HQr2bi Q`/2` Q7 ∼ 10−6
2oX h?2 HQr2` Kbb KQH2+mH2b bm+? b- >2- ?p2 ?B;?2` 2M2`;B2b +Q``2bTQM/BM; iQ i?2 2KBbbBQM BM
M2` BM7``2/ BX2 1→ 0 S(1) Q7 yX83 2o M/ 2→ 1 S(1) Q7 yX88 2o- r?BH2 *P- NH3 2i+ `2 ?2pB2`
M/ ;2M2`i2 `Q@pB#`iBQMH i`MbBiBQMb BM i?2 KBHHBK2i`2 `M;2 ivTB+HHvX
9XkXR (OA) 0.63µm 1KBbbBQM
h?2 `i2 +Q2{+B2Mi _2vMQH/b URN3NV 7Q` (OA) T`Q/m+iBQM #v bTQMiM2Qmb /2@2t+BiiBQM U0.63µm
i`MbBiBQMV,
LOI = hvoi 5.3× 10−9Ω(T )
T 0.54
exp−2.28/T4 nenO0 [erg s−1 cm−3] U9XjkV
r?2`2 nO0 Bb #mM/M+2 Q7 M2mi`H Qtv;2M- Ω(T) = 0.39T0.954 Bb i?2 3P→ 1D +QHHBbBQM bi`2M;i? #v
a`T? URNdjV 7Q` BQMBb2/ K2/BmK Q7 0.4 < T4 < 1.2KX qBi? T4 = T/104K biBb7vBM; C@b?Q+F
+QM/BiBQMX
9XkXk (Hα) 656.28 nm 1KBbbBQM
q2 ?p2 mb2/ i?2 `i2 +Q2{+B2Mi 7Q` Hα T`Q/m+iBQM HBM2 #v H+ M/ e− `2+QK#BMiBQM M/
bTQMiM2Qmb /2@2t+BiiBQM b ;Bp2M #v .QM;  .`BM2 UkyRRV
LHα = hvhα 1.17× 10−13 T−0.942−0.031 ln(T4)4 exp−14.036/T4 nenH+ [erg s−1 cm−3] U9XjjV
ne M/ nH+ = nw `2 MmK#2` /2MbBiB2b Q7 2H2+i`QMb M/ TQbBi`QMb `2bT2+iBp2HvX h?2 `2bmHiBM;
"HK2` HBM2b `2 2pHmi2/ #v JQ/2H 9 UqV- r?B+? ;2M2`HHv BM/B+i2b ;`2i2` i`MbBiBQM
2M2`;B2b- `K T`2bbm`2 M/ i2KT2`im`2bX
3k 9XkX hPJA* _1*PJ"ALhAPL
9XkXj (SAA) 671.6 nm 1KBbbBQM
h?2 `i2 +Q2{+B2Mi 7Q` [Si II] BM i?2 QTiB+H `M;2- 6716λ i`MbBiBQM _2vMQH/b URN3NV
jSi II = hvsi 7.3× 10−8T−0.54 exp−2.14/T4 nenS+ [erg s−1cm−3] U9Xj9V
nS+ = nw *Si II χ
Si II
e (T ) M/ nw = nHX qBi? i?2 BQM #mM/M+2 pHm2 Q7 ∼ 10−5 cm−2 _2vMQH/b
URN3NV- i?2 BQMBbiBQM 7`+iBQM χSi IIe (T) Bb +H+mHi2/ #v HQ;`Bi?KB+ BMi2`TQHiBQM- #b2/ QM `@
Mm/  _Qi?2M~m; URN38VX
9XkX9 (FeAA) 1.64µm 1KBbbBQM
*QHHBbBQMH 2t+BiiBQM `i2b 7Q` MQM@/BbbQ+BiBp2 C@b?Q+F KQ/2H #v aKBi? URNN9#V 7Q` 1.64µm
M2`@BM7``2/ [Fe II] HBM2




ai`QM; lo `/BiBQM i Hi2` SL bi;2 +QK#BM2/ rBi? ?2iBM; 7`QK H2 `27Q`KiBQM +QmH/ +QM@
i`B#mi2 iQ i?2 [Fe II] bm`7+2 #`B;?iM2bbX >2`2- r2 mb2  }t2/ BQMBbiBQM 7`+iBQM Q7 0.1X qBi?
nFe+ = nFe II MQiiBQMX
*?Ti2` 8
>v/`Q/vMKB+ S`QT2`iB2b
8XR J2KQ`v  *Sl _mM hBK2
h?2 KBM MmK2`B+H +Q/2 HBKBiBM; 7+iQ` Bb `2bQHmiBQM Q7 i?2 +QKTmiiBQMH /QKBMX "v 2bi#@
HBb?BM; ?B;? `2bQHmiBQM Qp2` i?2 +QKTmiiBQMH ;`B/ 2M#H2b mb iQ T`QpB/2 //BiBQMH }M2 bi`m+im`2
M/ ++m`i2 b?Q+F T?vbB+bX Ai Bb 2bb2MiBH 7Q` i?2 +QQHBM; 7mM+iBQM `QmiBM2b /2b+`B#2/ BM a2+iBQM
9XR iQ +bi K+`Qb+QTB+ p`B#H2b 7`QK ?B;? `2bQHmiBQM Q7 i?2 `/BiBp2 b?Q+FX  bHB;?i p`BiBQM
Q7 BMTmi T`K2i2`b Kv H2/ iQ  bB;MB}+Mi +?M;2 BM i?2 `2bmHiBM; bi`m+im`2 Q7 i?2 /QrMbi`2K
~Qr /m2 iQ im`#mH2Mi Mim`2 Q7 bBKmHi2/ Qmi~QrbX b  `2bmHi- i?2 bBKmHiBQM Q7 ?B;? `2bQHmiBQM
BK;2b `2[mB`2b ;`2i +QKTmiiBQMH `2bQm`+2b- r?B+? BM im`M BM+`2b2b i?2 *Sl `mM@iBK2X .m2
iQ i?2 Mim`2 Q7 Qm` KQ/2Hb `2[mB`BM; BMTmi p`BiBQMb Q7 Kbb@HQbb- rBM/ T`Q}H2 Q7 TSL2 Qmi@
~Qrb- M/ rBM/ p2HQ+Biv- HH bBKmHiBQMb `2[mB`2 ;2M2`iBQM Q7 ?B;? `2bQHmiBQM BK;2b iQ T`QpB/2
i?2 M2+2bb`v BM7Q`KiBQM 7Q` i?2 +?M;2 BM `2bmHiMi ~mt@HBM2bX
w1la@j. rb mb2/ iQ 2t2+mi2 i?2 +H+mHiBQMb QM  2D ;`B/X h?2 +vHBM/`B+H +QQ`/BMi2 bvbi2K
rb mb2/ r?2`2 z M/ r +QQ`/BMi2b r2`2 `2TH+2/ rBi? x M/ y /B`2+iBQMb `2bT2+iBp2Hv- i?2
xBKmi?H +QQ`/BMi2 φ Bb B;MQ`2/X h?2 T`Q}H2 Q7 i?2 rBM/ Bb BMi`Q/m+2/ 7`QK  bT?2`B+H bm`7+2
Q7 `/Bmb RwX LQi2 i?i i?2 rBM/ Bb MQi BMi`Q/m+2/ 7`QK  bvKK2i`B+H bT?2`B+H bm`7+2 /m2 iQ
+vHBM/`B+H ;`B/ M/ HBKBi2/ `2bQHmiBQM mb2/ BM bBKmHiBQMbX A7 bT?2`B+H +QQ`/BMi2 bvbi2K rb
mb2/- i?2 rBM/ rQmH/ ?p2 #22M HmM+?2/ 7`QK  bvKK2i`B+H bT?2`B+H bm`7+2X h?2 bvKK2i`v
#QmM/`v 2M#H2b mb iQ +H+mHi2 ?H7 Q7 i?2 T`Q/m+2/ ~QrX h?2 #QiiQK ?H7 Q7 i?2 rBM/ Bb 
KB``Q` `2~2+iBQM Q7 i?2 iQT ?H7- i?Bb b2i@mT Bb mb2/ 7Q` /BbTHv Tm`TQb2b M/ HbQ 2M#H2b mb iQ
`2/m+2 i?2 *Sl `mM@iBK2 Q7 bBKmHiBQMbX 6QHHQrBM; i?2 T`Q+2bb Q7 +QKTBHiBQM- w1la@j. Bb `mM
3j
39 8XRX J1JP_u  *Sl _lL hAJ1
7`QK M 2t2+mi#H2 }H2 t/x2mb- i?2 b2[m2M+2 Bb HBbi2/ BM i?2 ~Qr +?`i Q7 6B;m`2 jXkX h?2 bBx2
Q7 i?2 ;`B/ M/ T?vbB+b p`B#H2b BM+Hm/2/ /2i2`KBM2b i?2 _J- `2[mB`2/ 7Q` i?2 2t2+mi#H2 }H2X
h?2 ;`B/ Bib2H7 Bb +QMbi`m+i2/ Q7 ``vb Q7 /i i?i TQbb2bb i?2 p`B#H2 pHm2b BM i?2 ;`B/ xQM2bX
h?2`2 `2 }p2 ``vb `2[mB`2/ 7Q` i?2 j. ?v/`Q/vMKB+ bBKmHiBQM, T`2bbm`2- /2MbBiv M/ i?`22
+QKTQM2Mib Q7 p2HQ+BivX M //BiBQMH ``v Bb `2[mB`2/ 7Q` KQH2+mH` +QQHBM;X MQi?2` //BiBQMH
RR b+`i+? ``vb `2 mb2/ 7Q` biQ`;2 Q7 BMi2`K2/Bi2 pHm2b rBi? 2ti` 5% iF2M mT #v ;?Qbi
xQM2b i i?2 ;`B/ #QmM/`B2bX b M 2tKTH2 Bi Bb TQbbB#H2 iQ +H+mHi2 i?2 bBx2 Q7 i?2 t/x2mb
2t2+mi#H2 }H2X Pm` k. tBbvKK2i`B+ ?v/`Q/vMKB+ bBKmHiBQMb Q7 T`QiQTHM2i`v M2#mH UTSLV
`2[mB`2b b2p2M ``vb Q7 p`B#H2b, /2MbBiv- T`2bbm`2- M/ irQ +QKTQM2Mib Q7 p2HQ+Biv- tBH M/
`/BH- irQ bTiBH +QQ`/BMi2b Q7 z M/ r M/ M //BiBQMH ``v 7Q` KQH2+mH`fiQKB+ +QQHBM;X
1p2`v p`B#H2 `2[mB`2b 3 #vi2b Q7 K2KQ`v- ?2M+2  bT?2`B+H R,R 1600× 1600 ?v/`Q/vMKB+ `mM
rQmH/ `2[mB`2
(1600× 1600× (7 + 11)× 8) + 5% = 378MB
AM+`2b2 BM ;`B/ xQM2b bm#b2[m2MiHv BM+`2b2b i?2 bBx2 Q7 i?2 2t2+mi#H2 }H2X h?2 k,R 3200× 1600
2t2+mi#H2 `2[mB`2b 774 K2;#vi2b M/ i?2 ?B;?2bi `2bQHmiBQM t/x2mb Q++mTB2b 1548 K2;#vi2b
Q7 _JX
h?2 2t2+mi#H2 T`Q/m+2b >B2``+?B+H .i 6Q`Ki U>.6V }H2b- r?2`2 2+? ``v p`B#H2 `2@
[mB`2b 9 #vi2b Q7 K2KQ`vX AM Q`/2` iQ QmiTmi i?2 ``vb Q7 b2p2M p`B#H2b i tlim/dthdf = 23 iBK2
BMi2`pHb rBi? dthdf = 50 yr Bb i?2 iBK2 #2ir22M 2+? >.6 }H2 /mKT HBbi2/ BM 6B;m`2 U};,BMx2mbVX
 +QKTH2i2 1600× 1600 bBKmHiBQM `mM- rQmH/ `2[mB`2  bT+2 Q7
1600× 1600× 7× 23× 4 = 1648MB,
r?2`2 QM2 >.6 }H2 i 1600× 1600 ;`B/ `2bQHmiBQM `2[mB`2b 17.9 K2;#vi2bX M BM/BpB/mH }H2 i
3200× 1600 `2bQHmiBQM `2[mB`2b 35.8 K2;#vi2b Q7 _J rBi? 9,R }H2 Q++mTvBM; 71.6 K2;#vi2bX
h?2 iQiH _J M22/2/ 7Q` /Bz2`2Mi `2bQHmiBQMb HbQ /2T2M/b QM i?2 iBK2 BMi2`pHb M22/2/ iQ
+Qp2` i?2 +QKTmiiBQMH ;`B/- 7Q` +QMbiMi dthdf rBi? k,R M/ 9,R- i?2 MmK#2` Q7 BMi2`pHb Bb kj
M/ Nk rBi? iQiH bT+2 Q7 11.5 :" M/ 26.3 :" `2bT2+iBp2HvX
q2 bBKmHi2/  140 km s−1 bT?2`B+H ?v/`Q/vMKB+ Qmi~Qr +Q``2bTQM/BM; iQ ivTB+H *a1 2t@
TMbBQM T`Q}H2b Q7 TSL2 i i?2 7QHHQrBM; ;`B/ `2bQHmiBQMb HBbi2/ BM h#H2 8XRX 6B;m`2 8Xj b?Qrb
i?i #v BM+`2bBM; i?2 `2bQHmiBQM- i?2 ~Qr /2TB+ib bKHH bi`m+im`H M/ 2//v /2iBHbX h?2 Qp2`HH
KQ`T?QHQ;v Q7 i?2 Qmi~Qr Bb z2+i2/ #v `2bQHmiBQMX  +H2`2` TB+im`2 Q7 i?2 T`Q+2bb Bb T`QpB/2/
38 8XRX J1JP_u  *Sl _lL hAJ1
h#H2 8XR, _2bQHmiBQM pb *Sl `mM iBK2 7Q` 2D tBbvKK2i`B+ ?v/`Q/vMKB+ bBKmHiBQMbX
_2bQHmiBQM wQM2 aBx2 U+KV *Sl iBK2
1300× 650 4.74× 1014 24060 b2+QM/b
2600× 1300 2.36× 1014 N/A
3200× 1600 1.93× 1014 346380 b2+QM/b
3800× 1900 1.61× 1014 N/A
6B;m`2 8XR,  THQi Q7 i?2 HQ; Q7 i?2 *Sl iBK2 ;BMbi i?2 logNxX h?2 bHQT2 Q7 j U.4k- .YR4jV BKTHB2b i?i
7Q` k. bBKmHiBQMb i?2 `mM iBK2 Bb T`QTQ`iBQMH iQ MmK#2` Q7 xQM2b +m#2/X
#v iBK2 b2[m2M+2 MBKiBQMRX Ai 2M#H2b i?2 pB2r2` iQ i`+2 i?2 /2p2HQTK2Mi Q7 BMbi#BHBiB2b-
b?Q+F T?vbB+b M/ i2KT2`im`2 ;`/B2MibX








T`K2i2` Nx biM/b 7Q` i?2 MmK#2` Q7 xQM2b BM i?2 /B`2+iBQM Q7 T`QT;iBQM- D Bb i?2 MmK#2`
Q7 bTiBH /BK2MbBQMb M/ +1 BM+Hm/2b iBK2 b  /BK2MbBQMX h?2 iBK2 pHm2b BM h#H2 8XR r2`2
KmHiBTHB2/ #v  7+iQ` Q7 9 iQ 2biBKi2 i?2 i`m2 *Sl iBK2 /m2 iQ KB``Q`BM; 2z2+ibX  bHQT2 Q7 j
Bb Q#iBM2/ BM 6B;m`2 8XR b 2tT2+i2/ 7Q`  k. bBKmHiBQMX  bKHH /Bb+`2TM+v BM i?2 bHQT2 Kv
`2bmHi 7`QK i?2 bHB;?iHv ?B;?2` bQmM/ bT22/ i ?B;? `2bQHmiBQMbX
R?iiT,ffbi`QXF2MiX+XmFfBMjkfTTMX?iKH
3e 8XkX _1aPGlhAPL ahl.u
8Xk _2bQHmiBQM aim/v
 72im`2 Q7 i?2 KQH2+mH` bBKmHiBQMb- b 2t2KTHB}2/ BM 6B;m`2 8Xk- `2 i?2 ;`Qri? Q7 }M;2`b
HQM; i?2 b?Q+F bm`7+2X h?2 }M;2`b ;`Qr i?`Qm;? ?v/`Q/vMKB+ b?2HH BMbi#BHBiB2b M/ r2 }M/
i?i i?2 bQmM/ bT22/ Q7 i?2 +QH/ b?2HH /2i2`KBM2b i?2 KtBKmK +Q?2`2Mi rp2H2M;i?X P#b2`p@
iBQMHHv- i?2`2 Bb +QMbB/2`#H2 2pB/2M+2 i?i b?2HHb Kv im`M BMiQ b?`TM2H- 7i2` #`2FBM; mT BMiQ
}HK2Mib M/ }M;2`b b r2HH b +QK2i`v@b?T2/ ;HQ#mH2b UhvHQ` 2i HX RN39c Jibmm` 2i HX
kyyNc l2i 2i HX kyy8c aMiM/2`@:`+ő 2i HX kyR8VX
am+? T`Qi`mbBQMb +M HbQ `Bb2 i?`Qm;? i?2 +HmKTv Mim`2 Q7 i?2 K#B2Mi K2/BmK Uai2z2M
2i HX kyRjV- i?`Qm;? p`B#H2 rBM/b Q` i?`Qm;? ?v/`Q/vMKB+H BMbi#BHBiB2b UaiQM2 2i HX RNN8VX
am+? ?v/`Q/vMKB+ BMbi#BHBiv HbQ /QKBMi2b D2i@/`Bp2M KQH2+mH` BMi2`+iBQMb BM r?B+? i?2
/pM+BM; #Qr b?Q+F bTHBib mT BMiQ KMv KBMB@#Qrb U_Qb2M  aKBi? kyy9VX >Qr2p2`- i?2b2 `2
2M?M+2/ BM rBM/@/`Bp2M ~Qrb i?`Qm;? i?2 _vH2B;?@hvHQ` BMbi#BHBiv b i?2 ?2pv b?2HH `TB/Hv
/2+2H2`i2bX AM //BiBQM- bi`QM; +QQHBM; BM i?2 b?Q+F2/ xQM2 +M p2`v 2bBHv `2bmHi BM ;`QrBM;
T`Qi`mbBQMb r?B+? T`QKQi2 i?2`KH UaKBi?  _Qb2M kyyjV b r2HH b ?v/`Q/vMKB+H BMbi#BHBivX
>B;? `2bQHmiBQM BK;2b ;2M2`i2 KQ`2 bi`m+im`2- ?Qr2p2` i?2 ;2M2`H Qmi~Qr T`Q}H2 TT2`b iQ
#2 BM/2T2M/2Mi Q7 `2bQHmiBQM bBKmHiBQM b /2TB+i2/ BM 6B;m`2 8XjX h?2 +QKTmiiBQMH `mM@iBK2 Bb
HbQ 7+iQ`2/ BM- i?2`27Q`2 HQr@`2bQHmiBQM bim/B2b `2 +QKK2M+2/ 7Q` ?v/`Q/vMKB+b bBKmHiBQMb
Q7 Qp2`HH T`QT;iBQM- r?2`2b ?B;?@`2bQHmiBQM bBKmHiBQMb 2M#H2 ++m`i2 /i ;2M2`iBQM 7Q`
KQH2+mH` +QQHBM; BKTH2K2MiiBQM rBi? xQM2 bBx2 #2+QKBM;  /2i2`KBMMi 7+iQ` 7Q` KQH2+mH`
+QQHBM; H2M;i?b `2bQHmiBQMX :2M2`HHv- i?2 `2/m+iBQM BM xQM2 bBx2 H2/b iQ miQKiB+H BM+`2b2 BM
i?2 iBK2 `2bQHmiBQM- r?B+? BM im`M ;2M2`i2b M BM+`2b2 BM *Sl `mM iBK2X
3d 8XkX _1aPGlhAPL ahl.u
6B;m`2 8Xk, JQH2+mH` rBM/fK#B2Mi UmTT2` TM2HV M/ iQKB+ rBM/fK#B2Mi UHQr2` TM2HV /2MbBiv /Bbi`B#m@
iBQMb 7Q` k,R 2HHBTiB+H rBM/b Q7 bT22/ Vw = 140 FK b−1 HQM; i?2 bvKK2i`v tBbX PMHv i?2 /BbTHv2/ TQ`iBQM ?b
#22M bBKmHi2/ ?2`2 BM Q`/2` iQ +QM}`K i?2 /2iBH2/ 72im`2b i ?B;? `2bQHmiBQM Q7 i?2 ;HQ#H rBM/b KQ/2HH2/
#2HQrX h?2 rBM/ Bb /`Bp2M 7`QK  b?2HH i yXyR T+ 7Q`  iBK2 Q7 R-yyy v2`b- QMiQ  ;`B/ Q7 H2M;i? yXk T+X M
BMM2` KbF Bb bmT2`BKTQb2/ iQ BKT`Qp2 i?2 +QHQm` `M;2X
33 8XkX _1aPGlhAPL ahl.u
UV 1, 300× 650 ;`B/ xQM2bX U#V 2, 600× 1, 300 ;`B/ xQM2bX
U+V 3, 200× 1, 600 ;`B/ xQM2bX U/V 3, 800× 1, 900 ;`B/ xQM2bX
6B;m`2 8Xj, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 Kbb /2MbBiv T`K2i2`b gmcm−3 7Q`  k,R H2 R9y FK b−1 rBM/
BMiQ H2 K#B2Mi K2/BmK i HQrf?B;? ;`B/ `2bQHmiBQMbX h?2 HQr2` ?H7 Q7 2+? /Bbi`B#miBQM Bb i?2 KB``Q` BK;2
Q7 i?2 iQT ?H7X  KbF Qp2` i?2 +2Mi`H rBM/ `2;BQM- `KbF Bb b2i iQ +Qp2` mT i?2 `/Bmb `QmM/ i?2 rBM/ BMTmi
`/Bmb- rw = 0.01 pcX `KbF p`B2b 7Q` /Bz2`2Mi `2bQHmiBQM mb2/- BM +b2 Q7 3200× 1600- `KbF ∼ 160 ;`B/ xQM2bX
3N 8XjX LlJ1_A*G 1__P_a
8Xj LmK2`B+H 1``Q`b
tBHHv bvKK2i`B+H Qmi~Qrb r2`2 +QKTmi2/ mbBM; +vHBM/`B+H +QQ`/BMi2bX h?2 bBKmHi2/ rBM/
bi`m+im`2b T`Q/m+2 bTBF2b Q7 mMFMQrM Q`B;BM i ∼ pi/4 /2;`2bb `2HiBp2 iQ tBH tBbX h?2 bTBF2b
+M #2 2Bi?2` MmK2`B+H Q` `2H BM Mim`2X h?Bb T?2MQK2M +M #2 BMp2biB;i2/ 7m`i?2` rBi? j.
KQ/2Hb M/ ;mbbBM bKQQi?BM;X HbQ- i i?Bb bi;2 Q7 bBKmHiBQM- i?2 p2HQ+Biv@+QKTQbBiBQM KTb
6B;X 8Xj b?Qr  b?`T 72im`2 i i?2 7Q`r`/ +2Mi`2 Q7 i?2 #Qr b  `2bmHi Q7 +vHBM/`B+H BMTmi
bi`m+im`2X "Qi?- i?2 bTBF2b M/ b?`T 7Q`r`/ 72im`2 `2 BM/2T2M/2Mi Q7 `2bQHmiBQM- M/ +QmH/
#2 _vH2B;?@hvHQ` BMbi#BHBiv +QmTH2/ rBi? i?2`KH BMbi#BHBivX hQ 7m`i?2` `2bQHp2 i?2 /2p2HQT2/
bi`m+im`2b- j. bBKmHiBQMb b?QmH/ #2 BKTH2K2Mi2/X b  bQHmiBQM-  M``Qr +QMB+H rBM/ `i?2`
i?M  +QKTH2i2 ?2KBbT?2`2 +M #2 BMi`Q/m+2/ iQ 2M#H2 +?B2p2K2Mi Q7 rBM/@K#B2Mi BMi2`+iBQM
i ?B;?2` `2bQHmiBQMX
8X9 .2MbBiv *Q``m;iBQM
Ai Bb MQi2/ i?i #v iFBM; +vHBM/`B+H bvKK2i`v- r2 +?B2p2 i?2 ?B;? `2bQHmiBQM M2+2bb`v iQ bim/v
`/BiBp2 b?Q+FbX >Qr2p2`- i?Bb Q7i2M BMi`Q/m+2b r2HH@FMQrM MmK2`B+H `i27+ibX AM T`iB+mH`
7Q` i?Bb bim/v- i?2 BKTQb2/ MmK2`B+H TT`QtBKiBQM iQ  bT?2`2 Bb Qp2`  }MBi2 MmK#2` Q7
xQM2bX h?2`27Q`2- BM //BiBQM- r2 KMmHHv #`2F i?2 bT?2`B+H bvKK2i`v #v BKTH2K2MiBM;
bKHH rp2H2M;i? +Q``m;iBQMb QM iQ i?2 BMTmi /2MbBivX AM bQ /QBM;- r2 +M p2`B7v ?Qr 7` i?2
`2bmHib /2T2M/ QM i?2 MmK2`B+H TT`QtBKiBQMX b b?QrM BM 6B;X 8X9- BKTQbBM; T2`im`#iBQMb
U`B;?i TM2HV /Q2b KQ/B7v i?2 bi#BHBiv Q7 i?2 b?2HH- T`QKQiBM; ;`Qri? Km+? KQ`2 mMB7Q`KHv
`QmM/ i?2 b?2HHX h?2 b?2HH bi`m+im`2 Bb MQi /B`2+iHv `2Hi2/ iQ i?2 BKTQb2/ Qb+BHHiBQMbX q2
i?mb bm;;2bi #2HQr i?i i?2 bQmM/ bT22/ BM i?2 i?BM BMi2`+iBQM Hv2` /2i2`KBM2b i?2 rp2H2M;i?
Q7 i?2 T2`im`#iBQMb r?B+? ;`QrX q2 HbQ }M/ i?i i?2 2pQHpBM; +QKTH2t b?2HH bi`m+im`2 Bb
MQi bB;MB}+MiHv BM~m2M+2/ r?2M 2HHBTiB+H rBM/b `2 T`2b2MiX h?2 bvKK2i`v Q7 i?2 mM/2`HvBM;
T?vbB+H T`Q#H2K Bb miQKiB+HHv #`QF2MX
Ny 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
6B;m`2 8X9, *QKT`BbQM Q7 bBKmHiBQMb 7Q`  mMB7Q`K `/BH rBM/ UH27i TM2HV M/  /2MbBiv@+Q``m;i2/ rBM/
U`B;?i TM2HVX *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 i?2 /2MbBiv 7i2` d8y v2`b 7Q`  bT?2`B+H KQH2+mH` rBM/ Q7
`/BH bT22/ kyy FK b−1 BMiQ  mMB7Q`K K#B2Mi KQH2+mH` K2/BmKX h?2 BKTQb2/ /2MbBiv +Q``m;iBQMb BM i?2
rBM/ `2 Q7 i2M bBMmbQB/H rp2b Q7 KTHBim/2 kX8W #2ir22M i?2 tBb M/ Ny◦X h?2 +`Qbb@b2+iBQM /BbTHv2/ Bb
yXR T+ × yXk T+ M/ i?2 BMTmi bT?2`2 Bb Q7 `/Bmb yXyR T+ +Q``2bTQM/BM; iQ Rey xQM2bX
8X8 o2HQ+Biv M/ *QKTQbBiBQMH aim/v
h?2 bBKmHiBQM BM i?Bb rQ`F ;2M2`i2 ?B;?Hv +QHHBKi2/ Qmi~Qrb 2K2`;BM; 7`QK i?2 +2Mi`H bi` Q7
TSL rBi? b?Q+F p2HQ+BiB2b rBi?BM i?2 `M;2 Q7 80 ∼ 200 km s−1X h?2 Qmi~Qr T`Q}H2 rb /2p2HQT2/
rBi? 2HHBTiB+H b?T2 iQ ;2M2`i2 ?B;?2` p2HQ+Biv pHm2b HQM; i?2 tBH tBb Q7 bvKK2i`vX PM2 Q7
i?2 KBM [m2biBQMb iQ Mbr2` rb i?2 7QHHQrBM;, ?Qr Bb i?2 +?2KB+H +QKTQbBiBQM M/ 2KBbbBQM
z2+i2/ #v i?2 ;2M2`H T`QT;iBQM\
hQ T`QpB/2 BMp2biB;iBQMH /i- 7Qm` /Bz2`2Mi +QKTQbBiBQMH KQ/2Hb `2 ;2M2`i2/ iQ +Qp2` HH
p`BiBQMb M/ T`QpB/2  #bBb 7`QK r?B+? iQ 2ti`+i i?2 2pQHmiBQM Q7 HQr iQ ?B;? rBM/ bT22/
M/ KQH2+mH` iQ iQKB+ +QKTQbBiBQM Q7 rBM/ M/ K#B2Mi K2/BmKbX h?2 KQH2+mH` i`+2`b `2
2tKBM2/ iQ /2p2HQT [mMiBiiBp2 +QKT`BbQM 7Q` i?2 KQ/2Hb 2pHmi2/ BM i?Bb `2b2`+?X
NR 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
hQ 2M#H2 ;2M2`iBQM Q7 M2`@BM7``2/ M/ QTiB+H HBM2 ~mt- r2 ?p2 KQ/B}2/ w1la@j. rBi?
KQH2+mH` M/ iQKB+ +QQHBM; 7mM+iBQMb /Bb+mbb2/ BM a2+iBQM 9X9X h?2 ;2M2`i2/ k. tBbvKK2i`B+
bBKmHiBQMb `2 2t2+mi2/ QM 3200× 1600 ;`B/ xQM2b rBi? i?2 rBM/ `/Bmb- Rw = 0.01 pc ∼ 160
xQM2b T2` rBM/ `/BmbX 1ti2Mi Q7 i?2 k,R ;`B/ R = 0.2 pc Z = 0.1 pcX h?2 KQ/2HH2/ rBM/ Bb ?2pv
BM HH +b2b rBi? η0 = 25X 6Q` KQH2+mH` KQ/2Hb- i?2 KQH2+mH` ?v/`Q;2M #mM/M+2 Bb b2i iQ 0.5
U7mHHv KQH2+mH`VX h?2 #mM/M+2 Q7 ?2HBmK Bb He = 0.4- a2+iBQM jXRXjX h?2 i2KT2`im`2 Q7 i?2
K#B2Mi K2/BmK Bb b2i iQ 20K- M/ i?2 BMTmi i2KT2`im`2 Q7 i?2 rBM/ Bb 500KX AM HH +b2b
i?2 rBM/ Bb Qp2`@T`2bbm`2/ rBi? `2bT2+i iQ K#B2Mi K2/BmKX _2@+QKTBHiBQM Bb M2+2bb`v QMHv B7
i?2 ;`B/ `2bQHmiBQM Bb Hi2`2/ Q` T?vbB+b KQ/mH2b M/ rBM/ T`Q}H2 Bb KQ/B}2/X h?2 +imH BMTmi
T`K2i2` BM BMx2mb +Q``2bTQM/BM; iQ rBM/ bT22/ Bb i?2 J+? MmK#2`-
Mw = vw/cw, U8XkV
r?2`2 i?2 bT22/ Q7 bQmM/ BM i?2 rBM/ Bb cwX h?2 bQmM/ bT22/ 7Q` iQKB+ rBM/ U2.32 km s−1V Bb
bHB;?iHv ?B;?2` i?M i?2 KQH2+mH` rBM/ U1.58 km s−1V HBbi2/ BM TT2M/Bt X
6B;bX 8X8@ 8XRy- M/ 6B;bX 8XR8@ 8XR3 HQM; rBi? TT2M/Bt . +QMiBM  ?v/`Q/vMKB+H /Bbi`B#miBQM
pBbmHBbiBQM Q7 7Qm` /Bz2`2Mi KQ/2Hb,
Ĝ JQ/2H R KQH2+mH` rBM/fKQH2+mH` K#B2Mi K2/BmK JqJ fw = 0.5, fa = 0.5
Ĝ JQ/2H k KQH2+mH` rBM/fiQKB+ K#B2Mi K2/BmK Jq fw = 0.5, fa = 0.0
Ĝ JQ/2H j iQKB+ rBM/fKQH2+mH` K#B2Mi K2/BmK qJ fw = 0.0, fa = 0.5
Ĝ JQ/2H 9 iQKB+ rBM/fiQKB+ K#B2Mi K2/BmK q fw = 0.0, fa = 0.0
qBi? 2+? THQi +QMiBMBM; 7Qm` TM2Hb rBi?  +QHQm` ;`/B2Mi b+HBM;X  `M;2 Q7 bT22/b rb
iF2M M/ HH K+`Qb+QTB+ T`K2i2`b `2 i#mHi2/ BM h#H2 jXR- KQ`2 T`K2i2`b `2 HBbi2/
BM TT2M/Bt X h?2 TM2Hb BM 6B;bX 8X8@ 8XRy /BbTHv i?2 7QHHQrBM; iBK2@/2T2M/2Mi BM7Q`KiBQM,
TM2Hb UV-U#V-U+V b?Qr KQH2+mH` 7`+iBQM ;`B/ /Bbi`B#miBQM- BX2 i?2 `iBQ Q7 ?v/`Q;2M KQH2+mH2b
iQ i?2 iQiH MmK#2` Q7 ?v/`Q;2M Mm+H2B (n(H2)/n)X h?Bb [mMiBiv 2M#H2b mb iQ i`+2 KQH2+mH`
/BbbQ+BiBQM Q7 b?Q+F2/ H2X U/V b?Qrb i?2 THQi Q7 iQiH KQH2+mH` 7`+iBQM #mM/M+2X AM HH +b2b-
i?2 /2MbBiv M/ T`2bbm`2 T`Q}H2b 7HH Qz b ∝ r−2 M/ i?2 p2HQ+Biv +QKTQM2Mib biv +QMbiMi HQM;
i?2 `/BH HBM2bX h?2 bTBF2b TT2` iQ #2 BM/2T2M/2Mi Q7 `2bQHmiBQM- M/ +QmH/ #2 _vH2B;?@hvHQ`
BMbi#BHBiv +QK#BM2/ rBi? i?2`KH BMbi#BHBiv- MmK2`B+H Bbbm2b `2 HbQ BMpQHp2/X
Nk 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
UV JR, H2 rBM/ BMiQ H2 K#X U#V Jk, H2 rBM/ BMiQ H K#X
U+V Jj, H rBM/ BMiQ H2 K#X U/V >2 Kbb 7`+iBQMb pX iBK2X
6B;m`2 8X8, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 i?2 KQH2+mH` 7`+iBQM Q7 k,R Qmi~Qrb 7`QK  rBM/ rBi? tBH bT22/
Q7 3y FK b−1X h?2 /BbTHv2/ `2;BQM Bb yXk T+2X h?2 HQr2`@`B;?i TM2H /BbTHvb i?2 `iBQ T7 iQiH KQH2+mH`
?v/`Q;2M Kbb iQ i?2 iQiH ?v/`Q;2M Kbb b  7mM+iBQM Q7 iBK2 7Q` i?2 i?`22 `mMbX
Nj 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
UV JR, H2 rBM/ BMiQ H2 K#X U#V Jk, H2 rBM/ BMiQ H K#X
U+V Jj, H rBM/ BMiQ H2 K#X U/V >2 Kbb 7`+iBQMb pX iBK2X
6B;m`2 8Xe, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 i?2 KQH2+mH` 7`+iBQM Q7 k,R Qmi~Qrb 7`QK  rBM/ rBi? tBH bT22/
Q7 R9y FK b−1X h?2 /BbTHv2/ `2;BQM Bb yXk T+2X h?2 HQr2`@`B;?i TM2H /BbTHvb i?2 `iBQ T7 iQiH KQH2+mH`
?v/`Q;2M Kbb iQ i?2 iQiH ?v/`Q;2M Kbb b  7mM+iBQM Q7 iBK2 7Q` i?2 i?`22 `mMbX
N9 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
UV JR, H2 rBM/ BMiQ H2 K#X U#V Jk, H2 rBM/ BMiQ H K#X
U+V Jj, H rBM/ BMiQ H2 K#X U/V >2 Kbb 7`+iBQMb pX iBK2X
6B;m`2 8Xd, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 i?2 KQH2+mH` 7`+iBQM Q7 k,R Qmi~Qrb 7`QK  rBM/ rBi? tBH
bT22/ Q7 kyy FK b−1X h?2 /BbTHv2/ `2;BQM Bb yXk T+2X h?2 HQr2`@`B;?i TM2H /BbTHvb i?2 `iBQ T7 iQiH
KQH2+mH` ?v/`Q;2M Kbb iQ i?2 iQiH ?v/`Q;2M Kbb b  7mM+iBQM Q7 iBK2 7Q` i?2 i?`22 `mMbX
N8 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
UV Vw = 80 kms−1
U#V Vw = 140 kms−1
U+V Vw = 200 kms−1
6B;m`2 8X3, JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX *Q``2bTQM/BM; +`Qbb@b2+iBQMH /Bbi`B#miBQM
Q7 KQH2+mH` 7`+iBQM T`Q/m+2/ #v 9,R Qmi~QrbX
Ne 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
UV Vw = 80 kms−1
U#V Vw = 140 kms−1
U+V Vw = 200 kms−1
6B;m`2 8XN, Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX *Q``2bTQM/BM; +`Qbb@b2+iBQMH /Bbi`B#miBQM
Q7 KQH2+mH` 7`+iBQM T`Q/m+2/ #v 9,R Qmi~QrbX
Nd 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
UV Vw = 80 kms−1
U#V Vw = 140 kms−1
U+V Vw = 200 kms−1
6B;m`2 8XRy, Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX *Q``2bTQM/BM; +`Qbb@b2+iBQMH /Bbi`B#miBQM
Q7 KQH2+mH` 7`+iBQM T`Q/m+2/ #v 9,R Qmi~QrbX
N3 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
UV Vw = 80 kms−1
U#V Vw = 140 kms−1
U+V Vw = 200 kms−1
6B;m`2 8XRR, h?2 2pQHmiBQM Q7 i?2 iQiH KQH2+mH` 7`+iBQM BMi2;`i2/ Qp2` i?2 ;`B/ b T`Q/m+2/ #v  bT?2`B+H
rBM/ rBi? JR- Jk M/ Jj Qmi~Qrb- i i?2 i?`22 BM/B+i2/ rBM/ bT22/b 7`QK H27i iQ `B;?iX
NN 8X8X o1GP*Ahu L. *PJSPaAhAPLG ahl.u
UV Vw = 80 kms−1
U#V Vw = 140 kms−1
U+V Vw = 200 kms−1
6B;m`2 8XRk, h?2 2pQHmiBQM Q7 i?2 iQiH KQH2+mH` 7`+iBQM BMi2;`i2/ Qp2` i?2 ;`B/ b T`Q/m+2/ #v  #v  9,R
rBM/ rBi? JR- Jk M/ Jj Qmi~Qrb- i i?2 i?`22 BM/B+i2/ rBM/ bT22/b 7`QK H27i iQ `B;?iX
Ryy 8XeX H2 .AaaP*AhAPL
8Xe H2 .BbbQ+BiBQM
HH 7Qm` 2ti`2K2 +QK#BMiBQMb Q7 iQKB+ M/ KQH2+mH` rBM/b BMiQ iQKB+ M/ KQH2+mH` K#B2Mi
K2/B ?p2 #22M bim/B2/X 6B`bi- ?Qr2p2`- r2 BMp2biB;i2 i?2 i?`22 +QK#BMiBQMb BM r?B+? i?2
KQH2+mH` 7`+iBQM +?M;2b b ?v/`Q;2M T`iHv /BbbQ+Bi2b rBi?BM i?2 b?2HHX
h?2 KQH2+mH` i`+2`b `2 2tKBM2/ BM 6B;bX 8X8- 8Xe M/ 8Xd 7Q` i?2 i?`22 bT22/b rBi?  k,R
2HHBTiB+H rBM/X h?2 +b2b `2 2bBHv B/2MiB}2/ rBi? #H+F `2T`2b2MiBM; 7mHHv KQH2+mH` M/ r?Bi2
+Q``2bTQM/BM; iQ iQKB+ +QKTQbBiBQMX Ai Bb 2pB/2Mi i?i i?2 b?2HH #`2Fb mT BMiQ }M;2`b BM HH
i?2b2 +b2bX h?2 }M;2`b `2 T`QKBM2Mi iQr`/ i?2 7`QMi b2+iBQM UrBi? MQ BKTQb2/ +Q``m;iBQMb-
i?2 +vHBM/`B+H +QQ`/BMi2b `2 #2ii2` HB;M2/ iQ i?2 bT?2`2 TT`QtBKiBQM iQr`/ i?2 bvKK2i`v
THM2VX h?2 iQT@H27i TM2Hb 2t?B#Bi i?2 KQH2+mH` rBM/@K#B2Mi BMi2`+iBQMbX
q2 }`bi iF2 i?2 +b2 BM r?B+? i?2 tBH bT22/ Bb 3y FK b−1- ?H7 i?Bb bT22/ BM i?2 KB/@THM2-
iQ BHHmbi`i2 i?2 ivTB+H ~QrbX SM2H UV /BbTHvb i?2 KQH2+mH` rBM/ BMiQ  KQH2+mH` K#B2Mi
U/2MQi2/ JqJVX *H2`Hv- KQ/2`i2 /BbbQ+BiBQM Q++m`b Qp2` i?2 2MiB`2 b?2HH Hi?Qm;? i?2 7`QMi
?H7 Q7 i?2 bBKmHiBQM b?Qrb 2ti2M/2/ /BbbQ+BiBQM rBi?BM  ?B;?Hv im`#mH2Mi b?2HH- b 2tT2+i2/
rBi? i?2 ?B;?2` DmKT BM bT22/X
JQbi bB;MB}+MiHv- 6B;bX 8X8 @ 8Xd /2KQMbi`i2 i?i i?2 b?Q+F 7`QMi Bb MQi  bKQQi? bm`7+2 #mi
 `Qm;? bm`7+2- #`QF2M /QrM BMiQ  H`;2 iQiH `2 Q7 r2F Q#HB[m2 b?Q+Fb rBi? QMHv  bKHH
7`+iBQM Q7 bi`QM; b?Q+F TB+2bX h?Bb ?QH/b 7Q` HH i?`22 rBM/ bT22/bX Ai Bb HbQ 2pB/2Mi i?i i?2
;`QrBM; T`Qi`mbBQMb 2ti2M/ 7`QK i?2 BMi2`7+2 BMiQ i?2 K#B2Mi K2/BmKX h?2v `2 ;2M2`HHv
TQ+F2ib Q7 rBM/ Ki2`BH +?MM2H2/ BMiQ i?2 /pM+BM; }M;2`bX SM2Hb U#V M/ U+V BHHmbi`i2 i?Bb
7Q` i?2 Jq M/ qJ +b2b- `2bT2+iBp2Hv- bBM+2 i?2 KF2@mT Q7 i?2 ;b +M #2 b+2`iBM2/X
lMiBH i?2 Hi2 bi;2b Q7 i?2 ~Qr- ?Qr2p2`- i?2 H2/BM; b?Q+F r?B+? 2Mi2`b i?2 iQKB+ K#B2Mi
K2/BmK Bb Q7 +Qm`b2 MQi pBbB#H2 BM i?2 Jq `mMX
SM2H U+V /2KQMbi`i2b i?i i?2 KQH2+mH` K#B2Mi ;b #2+QK2b +QM}M2/ iQ T`iHv@/BbbQ+Bi2/
i?BM bi`BiBQMb 2K#2//2/ BM i?2 iQKB+ rBM/X AM +QMi`bi- SM2H U#V b?Qrb i?i i?2 KQH2+mH`
rBM/ +M T`Qi`m/2 [mBi2 7` BMiQ i?2 K#B2Mi K2/BmK- bm;;2biBM; i?i i?2b2 /2Mb2 KQH2+mH`
}M;2`b `2 T`QKQi2/ #v i?2 _vH2B;?@hvHQ` BMbi#BHBiv Q7 i?2 /2+2H2`iBM; b?2HHX
i i?2 ?B;?2` bT22/ b?QrM BM 6B;X 8Xd- r2 b22 i?2 /BbbQ+BiBQM Bb KQ`2 +QKTH2i2X h?2 }M;2`b `2
HKQbi +QKTH2i2Hv rb?2/ Qmi i i?2 ?B;?2bi bT22/ #v i?2 #i? Q7 ?Qi iQKB+ ;b Hi?Qm;? bQK2
i?B+F }M;2`b /Q bm`pBp2 BM i?2 JqJ +b2-  72r KQH2+mH` i`mMFb `2KBM BM i?2 rBM/ BM i?2
RyR 8XeX H2 .AaaP*AhAPL
6B;m`2 8XRj, PM2@/BK2MbBQMH THQib Q7 i?2 T?vbB+H T`K2i2`b 7Q` HH k,R rBM/ KQ/2Hb 7i2` k-yyy v2`b Q7
2pQHmiBQM Q7  R9y FK b−1 rBM/X
6B;m`2 8XR9, PM2@/BK2MbBQMH p2HQ+Biv THQib Q7 i?2 T?vbB+H T`K2i2`b 7Q` HH k,R rBM/ KQ/2Hb 7i2` k-yyy
v2`b Q7 2pQHmiBQM Q7  R9y FK b−1 rBM/X h?2 ?Q`BxQMiH +mi Bb iF2M i kyy xQM2b #Qp2 i?2 bvKK2i`v tBb
BM Q`/2` iQ pQB/ QM@tBb MmK2`B+H /Bb+`2TM+B2bX h?2 tBH +QKTQM2Mi Q7 i?2 BMM2` T`i Q7 i?2 rBM/ Bb i?mb
BM+`2bBM;X
Ryk 8XdX S_1aal_1- .1LaAhu  h1JS1_hl_1
qJ +b2- M/  72r bKHH U#Hm2V rBbTb `2 ?2/ Q7 i?2 KBM b?2HH BM i?2 Jq +b2X
 7m`i?2` bm`T`BbBM; 72im`2 Bb i?i i?2 }M;2`b `2 ``2Hv /B`2+i2/ BM i?2 `/BH /B`2+iBQM- iQr`/
i?2 bi`X h?2 b?2HHb `2 `Qm;?Hv 2HHBTiB+H rBi? i?2 k,R b?T2 b rQmH/ #2 2tT2+i2/ 7`QK i?2
b+HBM; r?2M i?2 b?2HH Bb /`Bp2M #v  ?2pv BKT+iBM; rBM/X >Qr2p2`- i Hi2 iBK2b b i?2
b?2HH /2+2H2`i2b M/ Bb MQi #2BM; /`Bp2M #v  ?2pv rBM/- i?2 b?T2 #2;BMb iQ +?M;2 M/ i?2
2HHBTiB+Biv /2+`2b2bX >2M+2- i?2 rBM/ M/ K#B2Mi }M;2`b `2 bm#D2+i iQ /2~2+iBQM #v Q#HB[m2
b?Q+Fb M/ rBHH #2 /B`2+i2/ ++Q`/BM; iQ i?2 ;HQ#H b?T2 b r2HH b i?2 HQ+H +QM/BiBQMbX
h?2 /BbTHv2/ +?M;2 BM iQiH Kbb BM KQH2+mH` ?v/`Q;2M rBi?BM i?2 yXR T+ +vHBM/`B+H `2;BQM Bb
BMbi`m+iBp2X h?Bb Bb b?QrM BM i2`Kb Q7 i?2 Kbb 7`+iBQM BM i?2 HQr2`@`B;?i TM2Hb Q7 6B;bX 8X8- 8Xe
M/ 8Xd- ;BpBM; M BM/B+iBQM Q7 i?2 Mim`2 Q7 i?2 2MpB`QMK2Mi bm``QmM/BM; TSLX 6Q` 2tKTH2-
i i?2 HQr2` bT22/- i?2 >2 2pQHmiBQM Q7 Jq M/ qJ TT2`b [mBi2 bvKK2i`B+, i?2 Kbb
2Mi2`b i?2 2MpB`QMK2Mi i  mMB7Q`K `i2 M/ i?2`2 Bb  bKHH KQmMi Q7 iQiH /BbbQ+BiBQMX AM
+QMi`bi- i i?2 ?B;? bT22/b- i?2 KQH2+mH2b //2/ BM i?2 rBM/ `2 /BbbQ+Bi2/ 2bT2+BHHv i Hi2
iBK2b r?2M i?2 `2p2`b2 b?Q+F Bb bi`QM;X AM bmKK`v- i?2 Kbb 7`+iBQM BM KQH2+mH2b Bb `2/m+2/
#v kyW +`Qbb i?Bb `M;2 Q7 bT22/b 7Q` HH KQ/2H +QKTQbBiBQMbX
h?2 bT?2`B+H KQ/2Hb 6B;X 8XRR `2 KQbi /BbbQ+BiBp2 rBi? i?2 >2 7`+iBQM /2+`2b2 rBi? BM+`2b2
BM i?2 rBM/Ƕb i2`KBMH p2HQ+BivX qJ Qmi~Qr Bb i?2 KQbi /BbbQ+BiBp2 KQ/2H Jj- r?2`2
K#B2Mi ?v/`Q;2M KQH2+mH2b `2 #2BM; /BbbQ+Bi2/ #v i?2 ?B;? bT22/ +QHHBbBQMb #2?BM/ i?2 ?B;?
bT22/ b?Q+FX h?2 BM+`2b2 BM rBM/Ƕb 2HHBTiB+Biv /2+`2b2b i?2 `i2 Q7 >2 /BbbQ+BiBQM 7Q` HH
KQ/2Hb b b?QrM BM 6B;X 8XRk /m2 iQ HQr2` `/BH p2HQ+Biv +QKTQM2Mi- T`2bbm`2 M/ i2KT2`im`2
/Bbi`B#miBQMX
8Xd S`2bbm`2- .2MbBiv  h2KT2`im`2
h?2 T`2bbm`2- /2MbBiv M/ i2KT2`im`2 /Bbi`B#miBQMb 7Q` i?2 k,R R9y FK b−1 rBM/b `2 b?QrM BM
6B;bX 8XR8- 8XRe M/ 8XRdX h?2 k. /Bbi`B#miBQMb ?B;?HB;?i /Bz2`2Mi b2+iBQMb Q7 i?2 b?Q+F bi`m+im`2bX
h?2 T`2bbm`2 ?B;?HB;?ib i?2 +QK#BM2/ b?Q+F2/ Hv2`b- i?2 i2KT2`im`2 i?2 BKK2/Bi2 b?Q+F 7`QMib
r?BH2 i?2 /2MbBiv 2KT?bBb2b i?2 +QQH +QKT`2bb2/ ;b /QrMbi`2KX LQi2 i?i i?2 T`2bbm`2 `M;2
b?QrM BM i?2 +QHQm` #`b BM 6B;X 8XR8 `2 B/2MiB+HX >2M+2- i?2`2 Bb  HQr2` T`2bbm`2 BM i?2
KQH2+mH` rBM/fK#B2Mi `mM- b rQmH/ #2 2tT2+i2/ rBi? i?2 }p2 /2;`22b Q7 7`22/QKX
h?2b2 };m`2b +QM}`K i?i i?2 b?Q+F 7`QMi Bb  `Qm;? bm`7+2- #`QF2M /QrM BMiQ  H`;2 iQiH
`2 Q7 r2F b?Q+F `+b rBi? QMHv  bKHH 7`+iBQM Q7 bi`QM; b?Q+F TB+2bX h?2 i2KT2`im`2
Ryj 8XdX S_1aal_1- .1LaAhu  h1JS1_hl_1
THQib /2KQMbi`i2 i?i i?2 b?2HH Bb /QKBMi2/ #v `2HiBp2Hv +QQH ;b ;HQ#HHvX >Qr2p2`- r?2M
BMbT2+iBM; i?2 bK2 BK;2b BM /2iBH- b b?QrM BM 6B;X 8XR3- r2 b22 i?i i?2 BM/BpB/mH }M;2`b `2
iQTT2/ #v ?Qi xQM2b, bi`QM; b?Q+Fb `2 +QM}M2/ iQ i?2 iBTbX h?Bb `2bmHi b?QmH/ BKT+i QM i?2 >2
2t+BiiBQM i?i rQmH/ #2 K2bm`2/ r?2M Q#b2`piBQMb `2 K/2 2p2M i [mBi2 ?B;? `2bQHmiBQMX
Ai Bb HbQ b22M BM 6B;X 8XR3 i?i i?2 Tm`2Hv iQKB+ bBKmHiBQM b?Qrb /Bz2`2Mi bi`m+im`2 iQ i?2
Qi?2` i?`22 +QK#BMiBQMbX h?2 q +b2 /BbTHvb  i?B+F2` bm`7+2 r?B+? `2KBMb im`#mH2Mi
Q` `Qm;?2` +HQb2 iQ i?2 THM2X h?2 i2KT2`im`2 /Bbi`B#miBQMb /BbTHv2/ BM 6B;X 8XRd T`QpB/2 i?2
BMi2`T`2iiBQM, i?2 b?2HH Q7 i?2 iQKB+ q `mM `2KBMb r`K- Dmbi #2HQr Ry-yyy E r?2`2b
i?2b2 Hv2`b Q7 i?2 KQH2+mH`@iQKB+ `mMb `2 +HQb2` iQ R-yyy E M/  72r ?mM/`2/ E2HpBM 7Q`
i?2 JqJ `mMX h?2`27Q`2- i?2 iQKB+ Hv2` `2KBMb T`iHv BM~i2/ M/ H2bb bmb+2TiB#H2 iQ
/vMKB+ BMbi#BHBiB2bX h?2 BMbi#BHBiB2b `2bTQMbB#H2 7Q` i?2 +Q``m;iBQM Q7 i?2 7`QMi b?Q+F `2 MQi
b2MbBiBp2 iQ i?2 rB/i? Q7 i?2 b?2HHX b b?QrM #v i?2 `2bQHmiBQM bim/v BM 6B;X 8Xj- i?2 T?vbB+H
rB/i? Q7 i?2 b?2HH Bb BM/2T2M/2Mi Q7 MmK2`B+H `2bQHmiBQMX
Ry9 8XdX S_1aal_1- .1LaAhu  h1JS1_hl_1
UV JR, H2 rBM/ BMiQ H2 K#X U#V Jk, H2 rBM/ BMiQ H K#X
U+V Jj, H rBM/ BMiQ H2 K#X U/V J9, H rBM/ BMiQ H K#X
6B;m`2 8XR8, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 T`2bbm`2 T`Q/m+2/ #v k,R Qmi~Qrb rBi? tBH bT22/ Q7 R9y FK b−1X
h?2 HQr2` ?H7 Q7 2+? /Bbi`B#miBQM Bb i?2 KB``Q` BK;2 Q7 i?2 iQT ?H7X  KbF Q7 160 ;`B/ xQM2b Bb TH+2/ Qp2`
i?2 +2Mi`H rBM/ `2;BQM iQ +Qp2` mT i?2 `/Bmb `QmM/  #`B;?i bi`X
Ry8 8XdX S_1aal_1- .1LaAhu  h1JS1_hl_1
UV JR, >2 rBM/ BMiQ >2 K#X U#V Jk, H2 rBM/ BMiQ H K#X
U+V Jj, H rBM/ BMiQ H2 K#X U/V J9, H rBM/ BMiQ H K#X
6B;m`2 8XRe, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv T`Q/m+2/ #v k,R Qmi~Qrb rBi? tBH bT22/ Q7 R9y FK b−1X
h?2 HQr2` ?H7 Q7 2+? /Bbi`B#miBQM Bb i?2 KB``Q` BK;2 Q7 i?2 iQT ?H7X  KbF Q7 160 ;`B/ xQM2b Bb TH+2/ Qp2`
i?2 +2Mi`H rBM/ `2;BQM iQ +Qp2` mT i?2 `/Bmb `QmM/  #`B;?i bi`XX
Rye 8XdX S_1aal_1- .1LaAhu  h1JS1_hl_1
UV JR, H2 rBM/ BMiQ H2 K#X U#V Jk, H2 rBM/ BMiQ H K#X
U+V Jj, H rBM/ BMiQ H2 K#X U/V J9, H rBM/ BMiQ H K#X
6B;m`2 8XRd, GQ;`Bi?KB+ i2KT2`im`2 KTb Q7 R9y FK b−1 k,R rBM/- HH b+H2/ iQ i?2 iQKB+ KQ/2H U/VX AK;2b
BM/B+i2 KtBKmK i2KT2`im`2 7Q` KQH2+mH` `mM UV i T ∼ 3, 000K- BM +b2 Q7 iQKB+ `mM U/V- i2KT2`im`2
`2+?2b T ∼ 20, 000KX
Ryd 8X3X ah_l*hl_1 P6 *PGGAJh1. qAL.a
6B;m`2 8XR3, .2iBH 7`QK i?2 b+H2/ HQ;`Bi?KB+ i2KT2`im`2 KTb Q7 R9y FK b−1 k,R rBM/- 7Q` i?2 Tm`2
KQH2+mH` `mM UJqJ- H27i TM2HV M/ Tm`2 iQKB+ `mM Uq- `B;?i TM2HVX
8X3 ai`m+im`2 Q7 +QHHBKi2/ rBM/b
h?2 /2T2M/2M+2 QM i?2 rBM/ bT22/ Bb r2HH BHHmbi`i2/ rBi? i?2 9,R 2HHBTbQB/H rBM/ bBKmHiBQMbX
h?2 KQH2+mH` bBKmHiBQM Bb BHHmbi`i2/ BM 6B;X 8XRN 7Q` i?`22 bT22/bX b 2tT2+i2/- i?2 ?B;?2bi
T`2bbm`2b Q++m` HQM; i?2 tBb M/ BM i?2 7bi2bi rBM/bX h?2 b?2HH bi`m+im`2 Bb #2bi b?QrM BM
6B;bX 8X3 Ĝ 8XRy 7Q` i?`22 /Bz2`2Mi tBH rBM/ bT22/b M/ 7Q` HH i?`22 +QKTQbBiBQM +QK#BMiBQMbX
h?2 b2MbBiBpBiv Q7 i?2 KQH2+mH` 7`+iBQM iQ i?2 rBM/ bT22/ M/ i?2 /Bbi`B#miBQM `QmM/ i?2
b?2HH `2 T`QKBM2Mi ?2`2X i HQr bT22/b- i?2 /BbbQ+BiBQM `2KBMb i  72r T2`+2Mi;2 HQM;
i?2 b?2HHX G`;2 iQKB+ #Qr@b?T2/ b?2HHb `2bmHi r?2M i?2 tBH rBM/ bT22/ Bb ?B;?- 2p2M r?2M
#Qi? K2/B `2 BMTmi b KQH2+mH`X h?2 #Qr Bb ;BM #`QF2M mT BMiQ }M;2`b BM +`Qbb@b2+iBQMX
>Qr2p2`- r?2M i?2 K#B2Mi K2/BmK Bb iQKB+ Ub22 6B;X 8XRyV- i?2 }M;2`b #2+QK2 HQM; i?BM
KQH2+mH` bi`2Fb r?B+? T2M2i`i2 BMiQ i?2 K#B2Mi K2/BmK M/ `+ iQr`/ i?2 tBbX h?2b2
bi`BiBQMb- #2bi Q#b2`p2/ #v xQQKBM; BM QM i?2 TM2Hb- `2 T`iHv /BbbQ+Bi2/X JQ`2Qp2`- i?2
}M;2`b /2p2HQT BMiQ HQM;2` bi`2Fb i i?2 ?B;?2` rBM/ bT22/bX :2M2`HHv bT2FBM;- i?2 T`QT2`iB2b
`2 M 2t;;2`i2/ 7Q`K Q7 i?2 k,R +b2, Ki2`BH /Q2b MQi ~Qr iM;2MiBHHv iQ i?2 b?2HH #mi
KBt2b HQ+HHvX
Ry3 8X3X ah_l*hl_1 P6 *PGGAJh1. qAL.a
UV Vw = 80 kms−1
U#V Vw = 140 kms−1
U+V Vw = 200 kms−1
6B;m`2 8XRN, o`BiBQM Q7 T`2bbm`2 /Bbi`B#miBQMb 7Q` i?`22 tBH rBM/ bT22/b BM  +QHHBKi2/ 9,R H2 rBM/ KQ/2H
BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
RyN 8XNX L1"lG a>SAL:, GP*G P_ :GP"G 6GPq\
8XN L2#mH b?TBM;, HQ+H Q` ;HQ#H ~Qr\
aB;MB}+Mi iQ 7m`i?2` bBKmHiBQMb Bb i?i- BM HH +b2b- i?2`2 Bb MQ ~Qr HQM; i?2 b?2HH iQr`/ i?2
T2tftBb Q7 i?2 2HHBTb2X h?Bb H+F Q7 ;HQ#H ~Qr TTHB2b iQ i?2 2MiB`2 `M;2 Q7 rBM/ bT22/b M/
+QKTQbBiBQMb M/ BKTHB2b i?i ~Qr /2iBHb +M #2 mb27mHHv BMp2biB;i2/ i?`Qm;? bBKmHiBQMb rBi?
 +QMbi`B+i2/ QT2MBM; M;H2X 6m`i?2`KQ`2- rBi?Qmi  +Q?2`2Mi Q#HB[m2 b?Q+F 7`QMi iQ /2~2+i i?2
rBM/ BMiQ  ?B;? bT22/ b?2` BMi2`7+2- Bi Bb HBF2Hv i?i i?2 bQmM/ bT22/ BM i?2 b?2HH rBHH /2i2`KBM2
i?2 KtBKmK H2M;i? b+H2 7Q` i?2 ;`Qri? Q7 /Bbim`#M+2bX >2`2- i?2`2 `2 irQ KBM iBK2b+H2b
z2+iBM; i?2 2pQHmiBQM Q7 i?2 b?2HH KQ`T?QHQ;v, i?2 i?2`KH ;b `2bTQMb2 iBK2 i i?2 bQmM/






r?B+? BKTHB2b i?i i?2 r`K2` iQKB+ ;b BM i?2 b?2HH Bb HBF2Hv iQ H2/ iQ rB/2` M/ i?B+F2`
+Q?2`2Mi b?2HH bi`m+im`2b- b 7QmM/ #Qp2X h?2 bQmM/ bT22/ BM i?2 KQH2+mH2 /QKBMi2/ b?2HH Bb
ivTB+HHv #2ir22M yXk M/ yX3 FK b−1- r?B+? BKTHB2b i?i i?2 }M;2`b Kv QMHv #2  72r ?mM/`2/
l rB/2X
h?2 ;`Qri? `i2 Q7 /Bbim`#M+2b QM i?2 b?2HH BMi2`7+2 rBi? i?2 K#B2Mi K2/BmK rBHH #2 +QM@
i`QHH2/ #v i?2 _vH2B;?@hvHQ` BMbi#BHBiv M/ i?2 oBb?MB+ i?BM@b?2HH BMbi#BHBiv UoBb?MB+ RNN9VX
>Qr2p2`- KQbi b?2HH bBKmHiBQMb ?p2 ?/ BM/2[mi2 `2bQHmiBQM iQ 7QHHQr i?2b2 BMbi#BHBiB2b BM
`/BiBp2 ~QrbX h?2 +vHBM/`B+H bvKK2i`v /Q2b KF2 i?Bb 72bB#H2 M/- b b?QrM BM b2p2`H bim/@
B2b U6`vt2HH 2i HX RNNRc .r`F/b  "HB+F RNN3c EM2 2i HX kyyyV- T`Qi`m/BM; }M;2`b M/
bi`2Fb `2 T`2b2Mi 2p2M i `2HiBp2Hv HQr `2bQHmiBQMX AM/22/-  MmK#2` Q7 `2K`F#H2 Q#b2`p@
iBQMb Q7 `/BH bi`2Fb +QmH/ #2 BMi2`T`2i2/ #v i?2 _vH2B;?@hvHQ` BMbi#BHBiv bbQ+Bi2/ rBi? 
/2+2H2`iBM; b?2HH UaKBi? kyRjc Jibmm` 2i HX kyyNVX
h?2 _h ;`Qri? `i2 BMiQ i?2 MQM@HBM2` `2;BK2 Bb ;Bp2M #v 1/tRT = √(gk) r?2`2 r2 TT`QtB@
Ki2 i?2 /2+2H2`iBQM b g ∼ U2/Rs M/ i?2 rp2MmK#2` k = 2piλ U"HF2 RNdkVX h?Bb vB2H/b 
bm{+B2MiHv b?Q`i ;`Qri? iBK2 tRT = √(λ/(2piRs)) iQ 2Mbm`2 i?i i?2 MQM@HBM2` `2;BK2 rQmH/ #2
`2+?2/X
hQ 2Hm+B/i2 i?2 BMi2`7+2 bi`m+im`2- r2 T`2b2Mi QM2@/BK2MbBQMH +mib i?`Qm;? i?2 bBKmHiBQMb BM
6B;X 8XRjX h?2 KQH2+mH` i`+2` BM i?2 HQr2` H27i TM2Hb Bb BMbi`m+iBp2 M/ BM/B+i2b ?Qr 7`;K2Mib
Q7 T`iBHHv KQH2+mH` +QMi2Mi #2+QK2 i`TT2/ BM i?2 2pQHpBM; ~QrX AM 7+i- BMbT2+iBQM Q7 i?2
RRy 8XNX L1"lG a>SAL:, GP*G P_ :GP"G 6GPq\
KQpB2b k +Q``2bTQM/BM; iQ 6B;X 8XR9 b?Qrb i?i i?2 bT22/ Q7 i?2 /pM+BM; b?Q+F i i?Bb HQ+iBQM
7HHb r?2M i?2 KQH2+mH` 7`;K2Mi Bb ;2M2`i2/X h?2`2 Bb  +H2` /vMKB+H BMbi#BHBiv BMpQHp2/X
q?BH2 i?2`KH BMbi#BHBiv Kv +QMi`B#mi2 iQ 2M?M+2 i?2 ;`Qri? Q7 /2Mb2` +HmKTb- BM ;2M2`H
i?2`2 Bb HBiiH2 T`2bbm`2 2[mBHB#`BmK rBi?BM i?2 BMi2`7+2 r?B+? Bb /QKBMi2/ #v +QKT`2bbBQMb-
``27+iBQMb M/ bm#@?Q+Fb b +QH/ /2Mb2 Hv2`b #2+QK2 i`TT2/ rBi?BM r`K `2;BQMbX JQ`2Qp2`-
r2 /Q MQi 2tT2+i i?2`KH BMbi#BHBiB2b HQM2 iQ i`B;;2` bm+? bi`m+im`2 bBM+2 bm+? BMbi#BHBiv ?b
#22M b?QrM iQ #2 +QM}M2/ iQ  p2`v M``Qr `M;2 Q7 b?Q+F T`K2i2`b UaKBi?  _Qb2M kyyjVX
 +HbbB+H briQQi? p2HQ+Biv T`Q}H2 /BbiBM;mBb?2b i?2 b?Q+F bM/rB+?2b BM QM2@/BK2MbBQMH bBK@
mHiBQMb UamiiM2` 2i HX RNNdVX h?2b2 `2 BM/22/ T`Q/m+2/ #mi +M QMHv #2 2bBHv B/2MiB}2/ 2`Hv
QM BM i?2 bBKmHiBQMbc i?2 b?Q+F bT22/ bQQM #2;BMb iQ Qb+BHHi2 M/ ;2M2`i2 Hv2`b Q7 bi`QM;2`
KQH2+mH` +QQHBM; r?B+? T`QT;i2 7`QK i?2 b?Q+F 7`QMi iQr`/ i?2 BMi2`7+2X _2K`F#H2 /2M@
bBiv M/ T`2bbm`2 p`BiBQMb `2 i?2M bmbiBM2/X h?Bb Bb T`iB+mH`Hv MQiB+2#H2 BM i?2 KQH2+mH`
rBM/@K#B2Mi bBKmHiBQM, `i?2` i?M ?Qi iQKB+ ;b BM~iBM;  i?B+F BMi2`7+2- i?2 KQH2+mH`
+b2 `2bmHib BM bi`QM;2` HQ+H T`2bbm`2 M/ /2MbBiv p`BiBQMb r?B+? +i iQ KBMiBM M BMi2`+iBQM
Hv2` HKQbi irB+2 b i?B+FX
6BMHHv- r2 /2i2`KBM2 i?2 BMi2;`i2/ KQH2+mH` 7`+iBQM BM 6B;X 8XRR @ 6B;X 8XRk r?2`2 i?2 T`iB+H2
MmK#2` 7`+iBQM Bb T`2b2Mi2/X b i?2 b?Q+F BMi2`7+2 br22Tb +`Qbb i?2 ;`B/- i?2 rBM/ +QMi2Mib
`2TH+2b i?2 K#B2Mi K2/BmK rBi?  bB;MB}+Mi 7`+iBQM Q7 i?2 KQH2+mH` K2/BmK #2BM; /BbbQ+B@
i2/X hQr`/ i?2 2M/ Q7 i?2 JR UJqJV `mM- i?2 `i2 i r?B+? M2r KQH2+mH` rBM/ 2Mi2`b i?2
;`B/ Bb 7bi2` i?M i?2 /BbbQ+BiBQM `i2 M/ i?2 /2+`2b2 BM KQH2+mH2b Bb `2p2`b2/X h?Bb MHvbBb
HbQ +H2`Hv /2KQMbi`i2b i?i i?2 bmK Q7 7`+iBQMb 7Q` JQ/2Hb Jk UJqV M/ Jj UqJV





h?2 bBKmHi2/ BK;2b `2 /BbTHv2/ QM M BM7``2/ M/ QTiB+H ``v /2bB;M2/ bQ i?i HH i?2
2KBbbBQM 7`QK i?2 bBKmHi2/ j. +vHBM/2` +M #2 T`QD2+i2/ QM iQ i?2 bK2 ``v r?i2p2` i?2
Q`B2MiiBQM iQ i?2 HBM2 Q7 bB;?iX h?mb- i?2 T`QD2+i2/ rBM/ Q`B;BM `2KBMb }t2/X .m2 iQ i?2 tBH
bvKK2i`v M/ i?2 7Q`KiBQM Q7 i?2 r`K bi`2Fb- i?2 2KBbbBQM i2M/b iQ 7Q`K /Bb+`2i2 `BM;b BM
T`QD2+iBQM r?B+? rQmH/ T`Q##Hv TT2` b BM/BpB/mH #mHH2ib Q` ;HQ#mH2b BM 7mHH j. bBKmHiBQMbX
L2p2`i?2H2bb- Bi Bb BMbi`m+iBp2 iQ ;2M2`i2 i?2b2 BK;2b M/ /2i2`KBM2 r?2`2 i?2 2KBbbBQM Bb
HQ+i2/ M/ ?Qr 2t+Bi2/ i?2 ;b BbX
eXRXR E @ #M/
6B;bX eXR@eXj /2KQMbi`i2b i?2 >2 2KBbbBQM 7`QK  ~Qr BM i?2 bFv THM2X 1KBbbBQM Bb ;2M2`i2/
+`Qbb i?2 2MiB`2 +vHBM/2` Hi?Qm;? i?2 ~mt /vMKB+ `M;2 Bb Qp2` R-yyyX i ey◦ iQ i?2 HBM2
Q7 bB;?i- 6B;X eX9 7Q` i?2 1→ 0 S(1) HBM2 M/ 6B;X eX8 7Q` i?2 2→ 1 S(1) HBM2- r2 BHHmbi`i2 i?i
i?2 bBKmHi2/ 2KBbbBQM /Q2b b?Qr bQK2 bB;MB}+Mi p`BiBQM +`Qbb i?2 i?`22 /BbTHv2/ KQ/2HbX
P7 MQi2 Bb i?i i?2 7mHHv KQH2+mH` BMi2`+iBQM TT2`b iQ b?Qr H2bb 2KBbbBQM 7`QK i?2 ~MFb-
Hi?Qm;? i?2`2 Bb MQ bTiBH b?B7i Q7 2KBbbBQM +HQb2 iQ i?2 T2tX h?2 +mb2 7Q` i?2 HQr2` ~MF
2KBbbBQM r?2M 7mHHv KQH2+mH` +M #2 /Bb+2`M2/ 7`QK i?2 >2 `iBQ BK;2 Q7 6B;X eXe- r?B+?
BM/B+i2b  bHB;?iHv ?B;?2` 2t+BiiBQM BM i?2 7` ~MFb r?2M M iQKB+ +QKTQM2Mi Bb T`2b2MiX
h?2 T2F 2KBbbBQM Bb b2i #+F 7`QK i?2 H2/BM; 2/;2 BM  bBKBH` rv 7Q` HH +b2bX h?2 bm;;2biBQM
Bb i?i i?2 bQm`+2 ;2QK2i`v /2i2`KBM2b i?2 /Bbi`B#miBQM KQ`2 i?M i?2 T`iB+mH` `2p2`b2 M/
RRR
RRk eXRX 1JAaaAPL JSa
/pM+2/ b?Q+F +QM};m`iBQMX hFBM;  bKHH2` `M;2 BM ~mt- TT`QT`Bi2 7Q` KQbi Q#b2`piBQMb-
Bi Bb TT`2Mi i?i i?2 KDQ`Biv Q7 i?2 KQH2+mH` ~mt Bb HQ+i2/ i  #Qr@b?T2/ b?Q+F 7QHHQr2/
#v +B`+mH` +vHBM/`B+H b?2HHb b BHHmbi`i2/ BM 6B;X eXdX Ai +M #2 +QM+Hm/2/ i?i +QHHBKi2/ TSL
`2 T`Q/m+2/ rBi? i?2 T`2b2Mi b2i mT M/ #mii2`~v@ivT2 #BTQH` M2#mH2 `2 MQi ;2M2`i2/X
Ai Bb BMi2`2biBM; iQ HbQ /2i2`KBM2 i?2 ~mQ`2b+2Mi 2KBbbBQM i?i rQmH/ `2bmHi 7`QK M QTiB+HHv
i?BM ;bX >2`2- BM 6B;X eX3- r2 bbmK2 M 2KBbbBpBiv T`QTQ`iBQMH iQ i?2 >2 /2MbBiv M/ M
BMp2`b2 b[m`2 Hr 7`QK  bi` i i?2 Q`B;BM UR-eyy -yVX LQr- i?2 BK;2b `2 p2`v /Bz2`2Mi bBM+2
 KQH2+mH` rBM/ ;2M2`i2b bi`QM; 2KBbbBQM 7`QK i?2 /2Mb2` BMM2` T`ib Q7 i?2 rBM/ r?BH2 M
iQKB+ rBM/ +`2i2b  +pBivX
 +QKKQM /B;MQbiB+ 7Q` K2bm`BM; i?2 2t+BiiBQM Bb i?2 2→ 1/1→ 0 S(1) >2 HBM2 `iBQX PM2
+QmH/ 2tT2+i i?i i?2 2t+BiiBQM rQmH/ BM+`2b2 iQr`/ i?2 T2t Q7 i?2 2tTM/BM; T`QHi2 2H@
HBTbQB/- b 7QmM/ 7Q` #Qr b?Q+Fb UaKBi? 2i HX kyyjVX >Qr2p2`- b b?QrM BM 6B; eXe 7Q` i?2
KQH2+mH` `mM- i?2 `iBQ `2KBMb #2ir22M yXR M/ yXk- ivTB+H Q7 KQ/2`i2 b?Q+F 2t+BiiBQM 7`QK
;b R-3yyE iQ k-eyyEX h?Bb bKHH `M;2 Q++m`b /2bTBi2 i?2 rB/2 `M;2 BM b?2HH bT22/b BM i?2 9,R
bBKmHiBQM M/ +M #2 ii`B#mi2/ iQ i?2 7`;K2MiiBQM Q7 i?2 b?Q+F bm`7+2 BMiQ  H`;2 MmK#2`
Q7 bi`2Fb i?i 2M+QKTbb r2F Q#HB[m2 b?Q+Fb i HH HQ+iBQMbX
h?2 ~mt pHm2b M/ `iBQb `2 +QMbBbi2Mi rBi?  +QHHBbBQMH 2t+BiiBQM b+2M`BQX  7`+iBQM Q7
i?2 KQH2+mH2b `2 #`mTiHv /BbbQ+Bi2/ 7i2` i?2 b?Q+F 7`QMi- `/BiBp2 +QQHBM; 7QHHQrb b ;b
HQb2b ?2i #v `/BiBQM- 7Q`KBM; /2Mb2 M/ +QQH TQbi@b?Q+F `2HtiBQM Hv2`b UaKBi?  _Qb2M
kyyjVX GBM2 KT mMBib `2 BM erg s−1 cm−2X h?2b2 `2bmHib +M #2 +QKT`2/ iQ K@#M/ BMi2@
;`H }2H/ bT2+i`Qb+QTv i?i `2p2Hb #BTQH` (> 150 km s−1)H2 Qmi~Qrb bm+? b bbQ+Bi2/ rBi?
A_a 16342− 3814 :H2/?BHH  6Q`/2 UkyRk- kyR8VX  KQH2+mH` rBM/ +M #2 /Bz2`2MiBi2/ 7`QK
 KQH2+mH` 2MpB`QMK2MiX i 2`Hv 2pQHmiBQM iBK2b- i?2 /pM+BM; b?Q+F Bb bi`QM;X hQ #2;BM
rBi? JQ/2H Jj-  /2Mb2 rBM/ Tmb?2b 2bBHv BMiQ i?2 HQr2` /2MbBiv K#B2Mi K2/BmKX h?Bb 7bi
b?Q+F /BbbQ+Bi2b i?2 >2 BM i?2 K#B2Mi K2/BmK- bQ KFBM; i?2 +T /2}+B2Mi BM >2- BM +QMi`bi-
i?2 +T rBHH #2 BMBiBHHv #`B;?i BM KQ/2H JkX h?2 `2KBMBM; ?Qi KQH2+mH` ;b ;2M2`i2b p2`v
?B;? 2t+BiiBQM 2KBbbBQM BM Jj M/ i?2 kĜRfRĜy `iBQ 2t+22/b yX9 Qp2` KQbi Q7 i?2 +TX AM +QM@
i`bi- i?2 bi`QM; KQH2+mH` rBM/ ;2M2`i2b bi`QM;2` BM7``2/ 2KBbbBQM BM JQ/2H Jk rBi? HQr2`
2t+BiiBQMX
i Hi2` iBK2b- i?2 /pM+BM; KQH2+mH` b?Q+F ?b bHQr2/ /QrM BM JQ/2H Jj- ;2M2`iBM;  ivTB+H
H`;2 #Qr bi`m+im`2 BM r?B+? i?2 2t+BiiBQM /2+HBM2b iQr`/b i?2 ~MFbX PM i?2 Qi?2` ?M/- i?Bb
RRj eXRX 1JAaaAPL JSa
bHQr KQpBM; b?2HH #2+QK2b i?2 rHH 7Q` bi`QM; 2KBbbBQM M/ 2t+BiiBQM Q7 i?2 KQH2+mH` rBM/ BM
JQ/2H JkX h?2 `2p2`b2 b?Q+F TT2`b iQ ;2M2`i2  KQ/2`i2 2t+BiiBQM Q7 ∼ yXR Ĝ yXR8 Qp2`
HKQbi i?2 2MiB`2 b?2HHX
h?2 #BHBiv iQ Q#b2`p2 TSL BM i?2 M2`@BM7``2/ HBM2b Bb bb2bb2/ #v }M/BM; i?2 iQiH TSL 2KBb@
bBQM BM i?2 irQ +QKKQMHv Q#b2`p2/ M2`@BM7``2/ >2 HBM2b b  7mM+iBQM Q7 iBK2X h?2b2 `2
/BbTHv2/ BM 6B;bX eXN@eXRR 7Q` HH i?`22 rBM/ bT22/b M/ 7Q` bT?2`B+H k,R M/ 9,R 2HHBTiB+H rBM/bX
S`iB+mH`Hv ?B;? HBM2 ~mt2b `2 /2i2`KBM2/ 7Q` bT?2`B+H rBM/b rBi? RĜy aURV HmKBMQbBiB2b T@
T`Q+?BM; QM2 bQH` HmKBMQbBiv 7Q` i?2 BMi2`K2/Bi2 rBM/ bT22/ Q7 R9y FK b−1X i i?Bb bT22/-
KQbi b?Q+F 2KBbbBQM Bb +?MM2HH2/ BMiQ i?2 pB#`iBQMH HBM2bX AM //BiBQM- Bi b?QmH/ #2 MQi2/
i?i i?2 BKTH2K2MiiBQM Q7 i?2 2HHBTiB+Biv BM i?2 p2HQ+Biv /Bbi`B#miBQM /Q2b bi`QM;Hv `2/m+2 i?2
2M2`;v ~mt rv 7`QK i?2 tBb M/ i?Bb 2tTHBMb i?2 ;2M2`H i`2M/ rBi? 2HHBTiB+BivX >Qr2p2`- i?2
2KBbbBQM Bb HbQ ?B;? 7Q` 2HHBTiB+H rBM/b #mi i ?B;?2` tBH rBM/ bT22/b- r?B+? Kv #2 2tT2+i2/
;Bp2M i?2 /Bbi`B#miBQM Q7 BMi2`7+2 bT22/b 2tT2+i2/ +`Qbb i?2 2MiB`2 ~QrX
Pp2`HH- >2 HBM2 ~mt2b `2KBM ?B;? QM+2 2bi#HBb?2/- i?`Qm;?Qmi i?2 TSL rBM/ T?b2X h?2
T2F >2 HmKBMQbBiv ivTB+HHv Q++m`b 7i2` 8yy Ĝ R-yyy v2`b r?B+? Bb 2M?M+2/ r?2M  KQH2+mH`
rBM/ Bb BMpQHp2/ UJR  JkVX >Qr2p2`- i?2 ~mt `2KBMb ?B;? M/ bHB;?iHv BM+`2b2b BM i?2 +b2b
BMpQHpBM; HQr2` bT22/ rBM/b- +Q``2bTQM/BM; iQ bQHB/ HBM2bX
h?2 Qp2`HH 2t+BiiBQM Bb #2bi MHvb2/ #v THQiiBM; i?2 kĜRfRĜy `iBQ b b?QrM BM 6B;X eXR9 7Q`
i?2 9,R rBM/bX h?2`2 Bb MQ bB;MB}+Mi /2T2M/2M+2 QM KQ/2H ivT2 7i2` i?2 BMBiBH #Hbi, i?2
2t+BiiBQM Bb BM/2T2M/2Mi Q7 r?2i?2` K#B2Mi bi`2Kb #2+QK2 i`TT2/ M/ +QKT`2bb2/ #v i?2
rBM/ Q` pB+2 p2`bX >Qr2p2`- i?2`2 Bb  bB;MB}+MiHv ?B;?2` pB#`iBQMH 2t+BiiBQM bbQ+Bi2/ rBi?
i?2 ?B;?2` bT22/ rBM/ U`B;?i TM2HV-  `2HiBQMb?BT r?B+? ?QH/b 7Q` HH 2HHBTiB+BiB2b bim/B2/- b?QrM
BM 6B;X eXRk@6B;X eXRjX h?2 `iBQ /2T2M/b QM #Qi? /2MbBiv M/ i2KT2`im`2 bBM+2 i?2 >2 rBHH MQi
TQbb2bb Gh1 /Bbi`B#miBQMb i i?2 TSL /2MbBiB2b #mi i?2 `M;2 /BbTHv2/ #2ir22M yXy3 M/ yXR9
+Q``2bTQM/b iQ i2KT2`im`2b Q7 ∼ R-dyyE Ĝ k-8yyEX
eXRXk PTiB+H
h?2 2KBbbBQM T`2b2Mi2/ ?2`2 Bb Tm`2Hv 7`QK b?Q+F rp2bX h?2 bT2+i`H ivT2b Q7 i?2 bi`b i?2K@
b2Hp2b `M;2 7`QK Hi2 : iQ 2`Hv " rBi? +?`+i2`BbiB+ S@*v;MB ivT2 T`Q}H2- bi`QM; Hα 2KBbbBQM-
M/ M``Qr #bQ`TiBQM +QKTQM2Mib UpM /2 ai22M2 2i HX kyyyVX h?2 2KBbbBQM HBM2b `2 ;2M2`i2/
#v i?2 +B`+mKbi2HH` 2Mp2HQT2- r?BHbi i?2 #bQ`TiBQM Bb 7Q`K2/ #v i?2 7bi Ryy FK b−1 rBM/- Q`
BM i?2 `2;BQM- r?2`2 i?2 TSL Qmi~Qr br22Tb mT 2`HB2` :" rBM/X >2`2- i?2 rBM/ M/ b?2HH
RR9 eXRX 1JAaaAPL JSa
UV JR, 2`Hv iBK2- dyy v`X U#V JR, Hi2 iBK2- k-jyy v`X
6B;m`2 eXR, >2 HBM2 2KBbbBQM KTb 7Q`  KQH2+mH` rBM/ BKT+iBM;  KQH2+mH` K2/BmKX JQ/2H JR, rBi? 
k,R Vw ∼ 140 km s−1 rBM/ BM i?2 THM2 Q7 i?2 bFv i i?2 BM/B+i2/ iBK2bX
?p2 2tTM/2/ bm{+B2MiHv 7Q` M QTiB+HHv i?BM TT`QtBKiBQM iQ #2 pHB/X
PM2 Q7 i?2 BKb Q7 i?Bb `2b2`+? Bb iQ B/2MiB7v bi;2b Q7 QTiB+H 2KBbbBQM 7`QK bi`QM; [Fe II] 1.64µm
M/ [Si II] 6716λ 7Q`#B//2M HBM2b- i?2 [O I] 6300λ B`;HQr HBM2- M/ >α 6563λ 2KBbbBQMX h?2
bBKmHi2/ KTb `2bmHiBM; 7`QK i?2 7Qm` +?Qb2M iQKB+ i`MbBiBQMb `2 /BbTHv2/ +QMb2+miBp2Hv BM
6B;X eXR8 @ eXRd- KQ/2HHBM; k,R 2HHBTiB+Biv TM2Hb Q7 ?B;?2` T2F ~mt +QKT`2/ iQ 9,R 2HHBTiB+Biv
TM2Hb Q7 6B;X eXR3 @ eXkRX h?2 `2bmHiBM; 2KBbbBQM 2KMi2 7`QK i?`22 /Bz2`2Mi +QKTQbBiBQMH
RR8 eXRX 1JAaaAPL JSa
UV Jk, 2`Hv iBK2- dyy v`X U#V Jk, Hi2 iBK2- k-jyy v`X
6B;m`2 eXk, >2 HBM2 2KBbbBQM KTb 7Q`  KQH2+mH` rBM/ BKT+iBM; iQKB+ K2/BmKX JQ/2H Jk, rBi?  k,R
Vw ∼ 140 km s−1 rBM/ BM i?2 THM2 Q7 i?2 bFv i i?2 BM/B+i2/ iBK2bX
RRe eXRX 1JAaaAPL JSa
UV Jj, 2`Hv iBK2- dyy v`X U#V Jj, Hi2 iBK2- k-jyy v`X
6B;m`2 eXj, >2 HBM2 2KBbbBQM KTb 7Q` iQKB+ rBM/ BKT+iBM;  KQH2+mH` K2/BmKX JQ/2H Jj, rBi?  k,R
Vw ∼ 140 km s−1 rBM/ BM i?2 THM2 Q7 i?2 bFv i i?2 BM/B+i2/ iBK2bX
RRd eXRX 1JAaaAPL JSa
UV JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U#V Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U+V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
6B;m`2 eX9, 1KBbbBQM b  7mM+iBQM Q7 rBM/@K#B2Mi ivT2X aBKmHi2/ >2 2KBbbBQM 7`QK i?2 1→ 0 S(1) HBM2 Q7
9,R 2HHBTiB+H rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFv M/ tBH bT22/ Q7 R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb i
xQM2 UR-eyy-yVX
RR3 eXRX 1JAaaAPL JSa
UV JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U#V Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmK
U+V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmK
6B;m`2 eX8, 1KBbbBQM b  7mM+iBQM Q7 rBM/@K#B2Mi ivT2X aBKmHi2/ >2 2KBbbBQM 7`QK i?2 2→ 1 S(1) HBM2 Q7
9,R 2HHBTiB+H rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFv M/ tBH bT22/ Q7 R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb i
xQM2 UR-eyy-yVX
RRN eXRX 1JAaaAPL JSa
UV JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U#V Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U+V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
6B;m`2 eXe, oB#`iBQMH 2t+BiiBQM b  7mM+iBQM Q7 rBM/@K#B2Mi ivT2X aBKmHi2/ >2 `iBQ KTTBM; 7`QK
i?2 2→ 1 S(1)/1→ 0 S(1) HBM2 `iBQ Q7 9,R 2HHBTiB+H rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFv M/ tBH bT22/ Q7
R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb i xQM2 UR-eyy-yVX
Rky eXRX 1JAaaAPL JSa
UV JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U#V Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U+V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
6B;m`2 eXd, 1KBbbBQM b  7mM+iBQM Q7 rBM/@K#B2Mi ivT2X aBKmHi2/ >2 2KBbbBQM Q7 bKHH2` `M;2 BM ~mt 7`QK
i?2 1→ 0 S(1) HBM2 Q7 9,R 2HHBTiB+H rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFv M/ tBH bT22/ Q7 R9y FK b−1X h?2 Q`B;BM
Q7 i?2 rBM/ Bb i xQM2 UR-eyy-yVX
RkR eXRX 1JAaaAPL JSa
UV JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U#V Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U+V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
6B;m`2 eX3,  TQbbB#H2 K2bm`2 Q7 >2 ~mQ`2b+2M+2- /BbTHv2/ ?2`2 Bb i?2 /Bbi`B#miBQM Q7 ρU>2Vfr2 r?2`2 r Bb
i?2 /BbiM+2 7`QK i?2 rBM/ Q`B;BM UbbmK2/ iQ #2 i?2 lo `/BiBQM bQm`+2 7Q` i?2 ~mQ`2b+2M+2V K2bm`2/ BM
`#Bi``v mMBibX
Rkk eXRX 1JAaaAPL JSa
UV JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U#V Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U+V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
6B;m`2 eXN, h?2 2pQHmiBQM Q7 i?2 BMi2;`i2/ 2KBbbBQM BM i?2 BM/B+i2/ E@#M/ pB#`iBQMH i`MbBiBQMb T`Q/m+2/
#v R,R JR- Jk M/ Jj Qmi~Qrb 7Q` i?2 i?`22 tBH rBM/ p2HQ+BiB2bX
Rkj eXRX 1JAaaAPL JSa
UV JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U#V Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U+V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
6B;m`2 eXRy, h?2 2pQHmiBQM Q7 i?2 BMi2;`i2/ 2KBbbBQM BM i?2 BM/B+i2/ E@#M/ pB#`iBQMH i`MbBiBQMb T`Q/m+2/
#v k,R JR- Jk M/ Jj Qmi~Qrb 7Q` i?2 i?`22 tBH rBM/ p2HQ+BiB2bX
Rk9 eXRX 1JAaaAPL JSa
UV JR, H2 rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U#V Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U+V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
6B;m`2 eXRR, h?2 2pQHmiBQM Q7 i?2 BMi2;`i2/ 2KBbbBQM BM i?2 BM/B+i2/ E@#M/ pB#`iBQMH i`MbBiBQMb T`Q/m+2/
#v 9,R JR- Jk M/ Jj Qmi~Qrb 7Q` i?2 i?`22 tBH rBM/ p2HQ+BiB2bX
Rk8 eXRX 1JAaaAPL JSa
UV Vw = 80 km s−1X
U#V Vw = 140 km s−1X
U+V Vw = 200 km s−1X
6B;m`2 eXRk, h?2 `iBQ Q7 i?2 2KBbbBQMb 7`QK pB#`iBQM i`MbBiBQMb Q`B;BMiBM; 7`QK i?2 b2+QM/ M/ }`bi H2p2Hb
T`Q/m+2/ #v R,R JR- Jk M/ Jj Qmi~Qrb i 3y FK b−1 UiQTV- R9y FK b−1 UKB//H2V M/ kyy FK b−1 U#QiiQKV
rBM/ p2HQ+BiB2bX
Rke eXRX 1JAaaAPL JSa
UV Vw = 80 km s−1X
U#V Vw = 140 km s−1X
U+V Vw = 200 km s−1X
6B;m`2 eXRj, h?2 `iBQ Q7 i?2 2KBbbBQMb 7`QK pB#`iBQM i`MbBiBQMb Q`B;BMiBM; 7`QK i?2 b2+QM/ M/ }`bi H2p2Hb
T`Q/m+2/ #v k,R JR- Jk M/ Jj Qmi~Qrb i 3y FK b−1 UiQTV- R9y FK b−1 UKB//H2V M/ kyy FK b−1 U#QiiQKV
rBM/ p2HQ+BiB2bX
Rkd eXRX 1JAaaAPL JSa
UV Vw = 80 km s−1X
U#V Vw = 140 km s−1X
U+V Vw = 200 km s−1X
6B;m`2 eXR9, h?2 `iBQ Q7 i?2 2KBbbBQMb 7`QK pB#`iBQM i`MbBiBQMb Q`B;BMiBM; 7`QK i?2 b2+QM/ M/ }`bi H2p2Hb
T`Q/m+2/ #v 9,R JR- Jk M/ Jj Qmi~Qrb i 3y FK b−1 UiQTV- R9y FK b−1 UKB//H2V M/ kyy FK b−1 U#QiiQKV
rBM/ p2HQ+BiB2bX
Rk3 eXRX 1JAaaAPL JSa
KQ/2Hb i?i `2 bTHBi BMiQ i?2 7QHHQrBM; TM2Hb- UV  KQH2+mH` rBM/ BMiQ  mMB7Q`K iQKB+
K2/BmK UJQ/2H JkV- U#V M iQKB+ rBM/ BMiQ  mMB7Q`K KQH2+mH` K#B2Mi M/ UJQ/2H JjV
U+V M iQKB+ rBM/@K#B2Mi `mM UJQ/2H J9VX AM 2+? +b2 Q7 6B;X eXR3 @ eXkR i?2 rBM/ Bb 9,R
2HHBTbQB/H BM p2HQ+Biv rBi? M tBH bT22/ Q7 R9y FK b−1 rBi? i?2 tBb /B`2+i2/ i ey◦ iQ i?2 bFv
THM2X h?2 HQr2` 2HHBTiB+Biv R9y FK b−1 rBM/ BM 6B;X eXR8 @ eXRd- Bb /BbTHv2/ BM THM2 Q7 i?2 bFvX
 kĜ. +QMpQHmiBQM :mbbBM bKQQi?BM; QT2`iQ` Bb TTHB2/ 7Q` HH KQ/2Hb iQ `2bQHp2 MmK2`B+H
2``Q`b i i?2 7Q`r`/ b?Q+F rBi? biM/`/ /2pBiBQM Q7 σ = 20 xQM2b- M/ ~mt bT`2/ Qp2` 4σX
h?2 #Qp2 +QMpQHmiBQM b2iiBM; 2M#H2b Q#b2`piBQM +QKT`BbQM rBi?BM QTiBKmK +QKTmiiBQMH
`mM iBK2X
_2;`/BM; 6B;X eXR3 @ eXkR i?2 }`bi `2K`F Bb i?i i?2 2KBbbBQM Q++m`b BM T`QD2+i2/ `BM;b /m2 iQ
i?2 tBH bvKK2i`vX a2+QM/Hv- KQbi 2KBbbBQM Q++m`b BM +b2 U+V r?2`2 #Qi? iQKB+ rBM/ M/
K#B2Mi K2/B +QMi`B#mi2X h?2 T2F 2KBbbBQM b?Qrb  /2;`22 Q7 p`B#BHBiv +Q``2bTQM/BM; rBi?
+?2KB+H +QKTQbBiBQMX Ai Bb i?2 irQ ?B;?2` 2t+BiiBQM bT2+B2b i?i b?Qr bi`QM;2` T2Fb BM JQ/2H
J9X lMB7Q`K AaJ bBKmHiBQMb T`2b2Mi2/ ?2`2 b?Qr KQ/2H J9 /BbTHvBM; QTiB+H 2KBbbBQMb 7`QK
#Qi? i?2 ~MFb M/ i?2 H2/BM; b?Q+F, i?2 bm`7+2 #`B;?iM2bb Bb Km+? bKQQi?2`X AM +QMi`bi-
i?2 2KBbbBQM Bb +QM+2Mi`i2/ iQr`/ i?2 7bi2` H2/BM; 2/;2 Q7 i?2 2HHBTbQB/ 7Q` HH 7Qm` i`+2`b
BM JQ/2H Jk r?2`2 QMHv i?2 K#B2Mi K2/BmK Bb iQKB+X h?2 T2F 2KBbbBQM BM HH +b2b Bb b2i
#+F 7`QK i?2 H2/BM; 2/;2- BM/2T2M/2Mi Q7 7Q`r`/f#+Fr`/ b?Q+F bi`m+im`2- b2`pBM; b 7m`i?2`
2pB/2M+2 iQ bm;;2bi i?i i?2 2KBbbBpBiv /Bbi`B#miBQM Bb KBMHv /2i2`KBM2/ #v i?2 bQm`+2 ;2QK2i`v-
T`2b2Mi2/ #v iBK2@/2T2M/2Mi ~mt MBKiBQMb RX
h?2 BMi2;`i2/ QTiB+H 2KBbbBQM ;`T?b 7Q` 2+? Q7 i?2 7Qm` HBM2b `2 /BbTHv2/ BM 6B;X eXkk
Ĝ 6B;X eXk8X SM2Hb b?Qr iBK2@/2T2M/2Mi HmKBMQbBiv p`BiBQM rBi? JQ/2H ivT2- tBH bT22/
M/ rBM/ 2HHBTiB+BivX 6B`bi iQ MQi2 Bb i?i i?2`2 Bb  /`QT BM ~mt rBi? BM+`2b2 BM 2HHBTiB+BivX HH
+QKTmi2/ KQ/2Hb b?Qr bBKBH` 2HHBTiB+Bivfp2HQ+Biv ~mt K;MBim/2 b2[m2M+2X h?2 HBM2 HmKBMQbBiB2b
/BbTHv2/ BM H27i@?M/ TM2Hb `2T`2b2MiBM; JQ/2H Jk HH bi`i Qz rBi? BM+`2b2 BM ~mtX *H2`Hv-
i?2 7bi KQH2+mH` rBM/ Bb br22TBM; M/ ?2iBM; mT iQKB+ K#B2Mi ;b i M BM+`2bBM; `i2X
>Qr2p2`- i?2 rBM/ Bb ?BM/2`2/ M/ i?2 bT22/ Q7 /pM+2 /2+`2b2bX h?2`27Q`2- i?2 ~mt 2p2MimHHv
7HHb- 2t+2Ti 7Q` i?2 HQr@2t+BiiBQM HBM2b BM i?2 HQr rBM/ bT22/ +b2X 6Q` JQ/2H Jj rBi? i?2 iQKB+
rBM/- i?2 HBM2 HmKBMQbBiB2b bi`i ?B;? #mi i?2M 7HH `TB/Hv #27Q`2 `2+?BM; bi2/v K;MBim/2bX
Pp2`HH- JQ/2H Jj ;2M2`i2b  THi2m Q7 2KBbbBQM rBi? iBK2X
i Hi2` bi;2b i?2 rBM/ b?Qrb H2bi KQmMi Q7 2KBbbBQM 7`QK i?2 rBM;b M/ HQr2` ~mt pHm2b
R?iiT,ffbi`QXF2MiX+XmFfBMjkfTTMX?iKH
RkN eXRX 1JAaaAPL JSa
h#H2 eXR, AQM  6`22 2H2+i`QM 7`+iBQMX
6Hmt HBM2 *ion = nion/nH χe = ne/nH
aO(A) 3.5× 10−4 0.1
aS(AA) *[II](T ) 0.1
bFe(AA) 1.4× 10−6 0.1
#mM/M+B2b #v U_2vMQH/b RN3NVa-UaKBi?
RNN9#Vb-U`Mm/  _Qi?2M~m; RN38VcX
7`QK i?2 +T- r?2`2 i?2 /2Mb2 KQH2+mH` rBM/ BKTBM;2b QM iQKB+ K2/BmK- i?Bb b2i mT 2M#H2b
i?2 rBM/ +T iQ Q#iBM HQr2` ~mt pHm2b Q7 QM2 K;MBim/2- `2HiBp2 iQ Bib BMp2`i2/ +QmMi2`T`i-
JQ/2H JjX h?2 iQKB+ Ki2`BH bm``QmM/BM; i?2 rBM/Ƕb +T BM Jk ;2ib 2t+Bi2/ M/ b?Q+F2/ #v
H2 KQH2+mH2b BM i?2 rBM/- b2iiBM; Qz 2KBbbBQM BM QTiB+H `M;2X
h?2 HBM2 HmKBMQbBiB2b iQr`/ i?2 2M/ Q7 i?2b2 `mMb- r?2`2 i?2 TSL ?b 2tTM/2/ iQ i?2 b+H2 Q7
yXR T+- b?Qr  +QMbBbi2Mi Tii2`MX :2M2`HHv- i?2 J9 7mHHv iQKB+ `mM ;2M2`i2b KQ`2 2KBbbBQM
i?M i?2 Jk `mM #v  7+iQ` Q7 Ry- bB;MB}+MiHv KQ`2 i?M QM2 rQmH/ 2tT2+i 7`QK //BM; iQ;2i?2`
i?2 iQKB+ rBM/ +QKTQM2Mi Q7 Jj iQ i?2 iQKB+ K#B2Mi Q7 JkX >2M+2- i?2 T`Q/m+iBQM Q7 i?2
i?B+F im`#mH2Mi b?2HH BMi2MbB}2b i?2 2M2`;v +?MM2HH2/ BMiQ i?2 bi`QM; iQKB+ HBM2bX
Rjy eXRX 1JAaaAPL JSa
UV Jk, 2`Hv iBK2- dyy v`X U#V Jk, Hi2 iBK2- k-jyy v`X
6B;m`2 eXR8, PTiB+H HBM2 2KBbbBQM KTb 7Q`  KQH2+mH` rBM/ BKT+iBM; iQKB+ K2/BmKX JQ/2H Jk, rBi? 
k,R Vw ∼ 140 km s−1 rBM/ BM i?2 THM2 Q7 i?2 bFv i i?2 BM/B+i2/ iBK2bX
RjR eXRX 1JAaaAPL JSa
UV Jj, 2`Hv iBK2- dyy v`X U#V Jj, Hi2 iBK2- k-jyy v`X
6B;m`2 eXRe, PTiB+H HBM2 2KBbbBQM KTb 7Q` iQKB+ rBM/ BKT+iBM; KQH2+mH` K2/BmKX JQ/2H Jj, rBi?  k,R
Vw ∼ 140 km s−1 rBM/ BM i?2 THM2 Q7 i?2 bFv i i?2 BM/B+i2/ iBK2bX
Rjk eXRX 1JAaaAPL JSa
UV J9, 2`Hv iBK2- dyy v`X U#V J9, Hi2 iBK2- k-jyy v`X
6B;m`2 eXRd, PTiB+H HBM2 2KBbbBQM KTb 7Q` iQKB+ rBM/ BKT+iBM; iQKB+ K2/BmKX JQ/2H J9, rBi?  k,R
Vw ∼ 140 kms−1 rBM/ BM i?2 THM2 Q7 i?2 bFv i i?2 BM/B+i2/ iBK2bX
Rjj eXRX 1JAaaAPL JSa
UV Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U#V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U+V J9, H rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
6B;m`2 eXR3, aBKmHi2/ [O I] 6300λ B`;HQr HBM2 KTTBM; Q7 9,R 2HHBTiB+Biv rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFv
M/ tBH bT22/ Q7 R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb i xQM2 UR-eyy-yVX
Rj9 eXRX 1JAaaAPL JSa
UV Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U#V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U+V J9, H rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
6B;m`2 eXRN, aBKmHi2/ >α 6563λ HBM2 KTTBM; Q7 9,R 2HHBTiB+Biv rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFv M/ tBH
bT22/ Q7 R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb i xQM2 UR-eyy-yVX
Rj8 eXRX 1JAaaAPL JSa
UV Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U#V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U+V J9, H rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
6B;m`2 eXky, aBKmHi2/ [Si II] 6716λ HBM2 KTTBM; Q7 9,R 2HHBTiB+Biv rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFv M/
tBH bT22/ Q7 R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb i xQM2 UR-eyy-yVX
Rje eXRX 1JAaaAPL JSa
UV Jk, H2 rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
U#V Jj, H rBM/ BMi2`+iBM; rBi? M H2 K#B2Mi K2/BmKX
U+V J9, H rBM/ BMi2`+iBM; rBi? M H K#B2Mi K2/BmKX
6B;m`2 eXkR, aBKmHi2/ [Fe II] 1.64µm HBM2 KTTBM; Q7 9,R 2HHBTiB+Biv rBM/b i 60◦ iQ i?2 THM2 Q7 i?2 bFv M/
tBH bT22/ Q7 R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb i xQM2 UR-eyy-yVX
Rjd eXRX 1JAaaAPL JSa
6B;m`2 eXkk, hQiH [OI] 2KBbbBpBiB2b #v Jk- Jj M/ J9 Qmi~Qrb i ?B;?fHQr rBM/ p2HQ+BiB2b 7Q` HH
2HHBTiB+BiB2bX
Rj3 eXRX 1JAaaAPL JSa
6B;m`2 eXkj, hQiH >α 6563λ 2KBbbBpBiB2b #v Jk- Jj M/ J9 Qmi~Qrb i ?B;?fHQr rBM/ p2HQ+BiB2b 7Q`
HH 2HHBTiB+BiB2bX
RjN eXRX 1JAaaAPL JSa
6B;m`2 eXk9, hQiH [Si II] 6716λ 2KBbbBpBiB2b #v Jk- Jj M/ J9 Qmi~Qrb i ?B;?fHQr rBM/ p2HQ+BiB2b
7Q` HH 2HHBTiB+BiB2bX
R9y eXRX 1JAaaAPL JSa
6B;m`2 eXk8, hQiH [Fe II] 1.64µm 2KBbbBpBiB2b #v Jk- Jj M/ J9 Qmi~Qrb i ?B;?fHQr rBM/ p2HQ+BiB2b
7Q` HH 2HHBTiB+BiB2bX
R9R eXkX So .A:_Ja
eXk So .B;`Kb
eXkXR E @ #M/
q2 ?p2 ;2M2`i2/ SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 >2 2KBbbBQM- b /BbTHv2/ BM 6B;bX eXke Ĝ
eXkd 7Q` i?2 k,R +b2X q2 TTHv  :mbbBM bKQQi?BM; iQ #Qi? i?2 `/BH p2HQ+Biv M/ TQbBiBQMX
>Qr2p2`- MQ 2tTHB+Bi i?2`KH .QTTH2` #`Q/2MBM; Bb BM+Hm/2/X HH +QKTQbBiBQM KQ/2Hb `2 b?QrM
U7`QK H27i iQ `B;?i b BM/B+i2/V i i?`22 Q`B2MiiBQMb 7Q` i?2 k,R rBM/ bT22/ `iBQX h?2 Q`B;BM
Bb b2i iQ Uy-yV M/ i?2 TQbBiBQM `M;2 Bb b2i miQKiB+HHv bQ i?i i?2 2KBbbBQM `2KBMb QM i?2
/B;`K ?Qr2p2` i?2 tBb Bb Q`B2Mii2/X h?2 2KBbbBQM Bb BMi2;`i2/ Qp2` i?2 i`Mbp2`b2 /B`2+iBQM
rBi?BM  HQM; bHBi TQbBiBQM2/ HQM; i?2 tBb rBi?  rB/i? Q7 kyy TBt2HbX h?2 `/BH p2HQ+Biv `2HiBp2
iQ i?2 bi` Bb #BMM2/ BM R FK b−1 BMi2`pHbX
h?2 M``Qr2bi HBM2b `2 ;2M2`i2/ BM JQ/2H j U#QiiQK TM2HV r?2`2 i?2 rBM/ Tmb?2b i?2 /BbiQ`i2/
b?Q+Fb BMiQ i?2 KQH2+mH` K#B2Mi K2/BmKX aBM+2 BM i?Bb rQ`F i?2 K#B2Mi K2/BmK Bb biiBQM`v-
i?2 HBM2 rB/i? Bb HBKBi2/- 2tT2+i2/ iQ #2 TT`QtBKi2Hv ;Bp2M #v irB+2 i?2 /BbbQ+BiBQM bT22/
HBKBi QM i?2Q`2iB+H +QMbB/2`iBQMb UaKBi? RNN9VX AM b?Q+Fb i?i `2 K;M2iB+@}2H/ +mb?BQM2/
rBi?  HQr BQM 7`+iBQM HHQrBM; K#BTQH` /BzmbBQM iQ /QKBMi2 U*@ivT2V- Km+? M``Qr2` >2
HBM2b `2 T`Q/m+2/X >2`2 r2 `2 KQ/2HHBM; ?v/`Q/vMKB+ DmKT b?Q+Fb BM r?B+? i?2 >2 2KBbbBQM
rBHH KBMHv Q++m` 7i2` i?2 b?Q+F2/ KQH2+mH` ;b ?b +QQH2/ #+F /QrM iQ #Qmi k-yyyE M/
++2H2`i2/ iQ  ?B;? 7`+iBQM Q7 i?2 b?Q+F bT22/X >2M+2- r2 }M/ HBM2b Q7 7mHH rB/i? 2t+22/BM;
3y FK b−1 BM bQK2 HQ+iBQMbX
h?2 #`Q/2` HBM2b `2 ;2M2`i2/ 7`QK i?2 KQH2+mH` rBM/ KQ/2H- JkX Ai Bb +H2` i?i `/BH bT22/b
+M 2t+22/ Ryy FK b−1 r?2M i?2 bvKK2i`v tBb Bb +HQb2 iQ i?2 HBM2 Q7 bB;?iX >Qr2p2`- /m`BM; i?2
bi;2 /BbTHv2/ r?2`2 i?2 TSL ?b 2pQHp2/- i?2 2KBbbBQM rBHH biBHH #2 bbQ+Bi2/ rBi? KQH2+mH`
;b i?i ?b #22M /2+2H2`i2/ M/ +QKT`2bb2/ rBi?BM `/BiBp2Hv +QQHBM; xQM2bX h?2`27Q`2- i?2
So /B;`Kb- b r2HH b i?2 HBM2 T`Q}H2b b?QrM BM 6B;X eXkN- i2M/ iQ /2b+`B#2 i?2 b?Q+F2/ Hv2`
b  r?QH2X
qBi? M Q`B2MiiBQM +HQb2 iQ i?2 HBM2 Q7 bB;?i- i?2 #Hm2@b?B7i2/ 2KBbbBQM /QKBMi2bX h?2 2KBbbBQM
Bb MQr rB/2` M/ bi`QM;2` iQr`/ i?2 2M/ Q7 i?2 HQ#2X h?Bb Bb b 2tT2+i2/ 2bT2+BHHv 7`QK i?2 9,R
rBM/ /BbTHv2/ BM 6B;X eXk3 bBM+2 i?2 >2 2t+BiiBQM Bb Km+? bi`QM;2` iQr`/b i?2 7`QMi r?B+? Bb
/`Bp2M #v i?2 R9y FK b−1 rBM/ r?BH2 i?Bb Bb `2/m+2/ iQ Dmbi j8 FK b−1 BM i?2 i`Mbp2`b2 /B`2+iBQMX
Ai Bb HbQ BMi2`2biBM; i?i i?2 So /B;`Kb 7Q` i?2b2 2HHBTiB+H rBM/b `2 KQ`T?QHQ;B+HHv /Bz2`2Mi
R9k eXkX So .A:_Ja
6B;m`2 eXke, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 >2 RĜy aURV 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi?
i?2 HQM; tBb BM i?2 THM2 Q7 i?2 bFv α = 0◦ i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2 i?`22
+QKTQbBiBQM KQ/2Hb `2 b BM/B+i2/X
R9j eXkX So .A:_Ja
6B;m`2 eXkd, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 >2 RĜy aURV 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2 HQM;
tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2 JR
KQ/2H 7Q`  KQH2+mH` rBM/ M/ K#B2Mi K2/BmK Bb /BbTHv2/X
7`QK i?2 D2i@/`Bp2M #Qrb BM r?B+? #Qi?  KQH2+mH` D2i M/ KQH2+mH` K#B2Mi K2/BmK +M
+QMi`B#mi2 UaKBi? 2i HX kyR9VX q?2`2b D2i@/`Bp2M ~Qrb ;2M2`i2 M TT`2Mi ++2H2`iBQM
bB;Mim`2 i2`K2/  >m##H2 Hr- i?2 2HHBTiB+H rBM/b vB2H/  KQ`2 +QMbiMi `/BH bT22/ r?B+? Bb
biBHH ?B;? i i?2 bQm`+2 HQ+iBQMX AKTQb2/ QM i?Bb rB/2 `B/;2 Bb M a@ivT2 K2M/2` BM i?2 So
Tii2`M rBi? bm#biMiBH `2/b?B7i2/ >2 i 2.12µm 2p2M r?2M i?2 TSL tBb Bb i jy◦ iQ i?2 HBM2
Q7 bB;?iX
6BMHHv- r2 +M MQr HbQ BMi2;`i2 Qp2` i?2 2MiB`2 TSL iQ Q#iBM  bBM;H2 HBM2 T`Q}H2X 6B;X eXkN
/BbTHvb  +?`+i2`BbiB+ i`BM;mH` b?T2 r?2M i?2 ~mt Bb 2tT`2bb2/ HQ;`Bi?KB+HHvX PM+2 ;BM-
i?2 T`QT2`iB2b TT2` iQ #2 `2Hi2/ iQ i?2 ;2QK2i`v M/ Q`B2MiiBQM `i?2` i?M i?2 JQ/2HX h?2
T`Q}H2 T2F b?B7ib rBi? Q`B2MiiBQM #v ∼ j8 FK b−1 2p2M rBi?  rBM/ bT22/ 7Qm` iBK2b H`;2`X
GBM2 rB/i?b `2 ∼ 8yĜey FK b−1 i RyW KtBKmKX
R99 eXkX So .A:_Ja
6B;m`2 eXk3, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 >2 RĜy aURV 2KBbbBQM 7`QK i?2 9,R 2HHBTiB+H R9y FK b−1 rBM/
rBi? i?2 HQM; tBb i α = 30◦ UH27i TM2HV M/ α = 60◦ U`B;?i TM2HV Qmi Q7 i?2 THM2 Q7 i?2 bFvX JQ/2H Jj rBi?
 KQH2+mH` rBM/ Bb iF2M b i?2 2tKTH2 ?2`2X
UV α = 0◦X U#V α = 30◦X U+V α = 60◦X
6B;m`2 eXkN, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM >2 RĜy aURV 2KBbbBQM 7`QK k,R 2HHBTiB+H Vw = 140 km s−1 rBM/
rBi? i?2 bvKK2i`v tBb i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX
R98 eXkX So .A:_Ja
UV α = 0◦X U#V α = 30◦X U+V α = 60◦X
6B;m`2 eXjy, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM >2 RĜy aURV 2KBbbBQM 7`QK R,R 2HHBTiB+H Vw = 140 km s−1 rBM/
rBi? i?2 bvKK2i`v tBb i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX
UV α = 0◦X U#V α = 30◦X U+V α = 60◦X
6B;m`2 eXjR, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM >2 RĜy aURV 2KBbbBQM 7`QK 9,R 2HHBTiB+H Vw = 140 km s−1 rBM/
rBi? i?2 bvKK2i`v tBb i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX
aT?2`B+H R,R HBM2 T`Q}H2b BM 6B;X eXjy `2 i j8W Q7 T2F ~mt pHm2 +QKT`2/ iQ k,R +QmMi2`T`ibX
 i`BM;mH` T`Q}H2 Bb `2TH+2/ rBi? irQ B/2MiB+H ~mt T2Fb /BbTQb2/ 7`QK i?2 `/BH ∼ y FK b−1
HBM2 Q7 bvKK2i`v- BM +b2 Q7 Jk i ∼ k3 FK b−1 2+? M/ i Km+? HQr2` R3W Q7 T2F ~mt pHm2
+QKT`2/ iQ ?B;?2bi ~mt KQ/2H JjX JQ/2H JR M/ Jj KBKB+ i?2 ~mt b?T2 Q7 Jk rBi? irQ
T2Fb i bHB;?iHv ?B;?2` `/BH /BbTQbBiBQM M/  b?`T i`BM;mH` T2F i i?2 HBM2 Q7 bvKK2i`v
`BbBM; i?2 irQ KQ/2Hb #Qp2 i?2 JkX i ey◦ Qmi Q7 i?2 THM2- i?2 bBM;H2 T2F i`BM;mH` b?T2 Bb
`2Q#iBM2/ rBi? T2F b?B7ib Q7 ∼ ky FK b−1X h?2 i`BTH2 T2F 72im`2 7Q` HH KQ/2Hb biBHH bm;;2bib
i?i BM +b2 Q7 bT?2`B+H Qmi~Qrb i?2 HBM2 T`Q}H2 b?T2 Bb /B+ii2/ #v ;2QK2i`v M/ Q`B2MiiBQM
r?BHbi i?2 T2F pHm2b `2 /2i2`KBM2/ #v +QKTQbBiBQMX
R9e eXkX So .A:_Ja
h?2 ?B;? 2HHBTiB+Biv 9,R HBM2 T`Q}H2b BM 6B;X eXjR ?p2 i`BM;mH` b?T2 rBi? M``Qr HBM2 rB/i?b
M/ ?B;?2` T2F b?B7ib rBi? Q`B2MiiBQM +QKT`2/ iQ bT?2`B+H M/ k,R Qmi~QrbX h?2 T2Fb
pHm2b `2 MQi HB;M2/ r?2M /BbTQb2/ 7`QK i?2 BMBiBH HBM2 Q7 bvKK2i`v i ∼ y FK b−1 `/BH
p2HQ+Biv TQBMi rBi? ?B;?2bi b?B7i pHm2 `2+?2/ #v Tm`2 KQH2+mH` KQ/2H JR i ∼ 8y FK b−1X
h?2 ;2M2`H b?T2 Bb `2iBM2/ #v HH KQ/2Hb QM+2 ;BM rBi? i?2 HBM2 rB/i? #2BM; p`B2/ #v 
+?M;2 BM 2HHBTiB+BivX h?2 HBM2 T`Q}H2b +QM+Hm/2 i?i i?2 p`B#BHBiv Q7 HBM2 rB/i?b Bb /2i2`KBM2/
#v ;2QK2i`v U2HHBTiB+BivV Q7 i?2 Qmi~Qr- i?2 +QKTQbBiBQM Q7 rBM/fK#B2Mi 7+iQ`b BMiQ ~mt T2F
pHm2b M/ i?2 ;2M2`H b?T2 UMmK#2` Q7 T2FbV Q7 T`Q}H2b Bb /2i2`KBM2/ #v Q`B2MiiBQMX
eXkXk PTiB+H
h?2 `/BH p2HQ+Biv b?B7i Q7 bT2+i`H HBM2b Q7i2M T`QpB/2b i?2 BM7Q`KiBQM QM i?2 i?B`/ /BK2MbBQM
7Q` Q#D2+ib #2vQM/ Qm` `2+?X GQM;@bHBi bT2+i`Qb+QTv +M #2 T`2b2Mi2/ b +?MM2H KTb Q` KQ`2
bm++BM+iHv b SQbBiBQM@o2HQ+Biv /B;`KbX aBKmHi2/ QTiB+H SQbBiBQM@o2HQ+Biv USoV /B;`Kb Q7
R9y FK b−1 Qmi~Qrb `2 /BbTHv2/ BM 6B;bX eXjk @ eX9dX HH iQKB+ +QKTQbBiBQMH KQ/2Hb `2
b?QrM i i?`22 Q`B2MiiBQMbX
 /B`2+i +QKT`BbQM Q7 i?2 i?`22 +QKTQbBiBQMH KQ/2Hb Q7 [Fe II] 1.64µm M/ [Si II] 6716λ 7Q`@
#B//2M HBM2b- i?2 [O I] 6300λ B`;HQr HBM2- M/ >α 6563λ 2KBbbBQM Bb T`2b2Mi2/ M/ /2KQMbi`i2
i?i i?2 KQ/2Hb +M #2 /BbiBM;mBb?2/X h?2 iQT H27i TM2H BM 6B;X eXjk b?Qrb  [mBi2 M``Qr HBM2
HQM; i?2 bHBi /m2 iQ i?2 `2HiBp2Hv bKHH ++2H2`iBQM Q7 i?2 K#B2Mi iQKB+ ;bX AM +QMi`bi- B7
i?2 2KBbbBQM Bb /QKBMi2/ #v M iQKB+ rBM/- b BM i?2 `B;?i TM2H- i?2M  #`Q/ HBM2 TT2`b BM
i?2 ~MFb r?2`2 i?2 7bi rBM/ Bb b?Q+F2/ M/ /2+2H2`i2/ i i?2 BMi2`7+2X h?2 7mHH HBM2 rB/i?
BM i?2 ~MFb +M `2+? Ryy FK b−1X
h?2 So /B;`K BM i?2 7mHH iQKB+ bBKmHiBQM /Bz2`b `2K`F#Hv- +QMbBbi2Mi rBi? i?2 /Bz2`2Mi
/vMKB+H #2?pBQm`X h?2 #QiiQK >α 6563λ 2KBbbBQM TM2H BM 6B;X eXjk b?Qrb i?i i?2 i?B+F@
2MBM; im`#mH2Mi b?2HH ;2M2`i2b Km+? bi`QM;2` iQKB+ 2KBbbBQM i?i Bb /Bbi`B#mi2/ 7` #+F BMiQ
i?2 ~MFbX h?2 `/BH p2HQ+BiB2b `2 KQ/2`i2 M/ [mBi2 +2Mi`2@}HH2/ 7Q` i?2 rBM/ Q`B2MiiBQM
/BbTHv2/X h?mb- i?2 Tm`2 iQKB+ JQ/2H J9 UqV ;2M2`i2b ?B;?2` ~mt /2MbBiB2b 7Q` #Qi?
i?2 rBM/ +T M/ rBM;b Q7 i?2 Qmi~Qr rBi? 2KBbbBQM #2BM; +QMi`B#mi2/ #v #Qi? K#B2Mi M/
rBM/X
h?2 >α 6563λ So /B;`Kb `2 2[mHHv BMi2`2biBM; r?2M i?2 rBM/ tBb Bb Q`B2Mii2/ iQr`/ i?2
HBM2 Q7 bB;?iX b b?QrM BM 6B;X eXjj 7Q` JQ/2H Jk- i?2 So /B;`K Bb MQi QMHv b?B7i2/ iQ i?2
#Hm2 #mi HbQ bT`2/ KQ`2 2p2MHv HQM; i?2 tBb rBi? b2p2`H MQi#H2 T2Fb bT+2/ QmiX i ey◦
R9d eXkX So .A:_Ja
Qmi Q7 i?2 THM2- i?2 2KBbbBQM Bb  /BbiBM+i `+ rBi? i?2 T2F r2HH #2?BM/ i?2 H2/BM; 2/;2X h?2
T2F Bb MQr HbQ #Hm2@b?B7i2/ `2HiBp2 iQ i?2 H2/BM; 2/;2X
6Q` i?2 iQKB+ rBM/ BM 6B;X eXj9 /BbTHvBM; JQ/2H Jj- i?2 #Hm2@b?B7i Bb Km+? ;`2i2` M/ i?2
`+ 2ti2M/b #+F iQ i?2 bi` M/ +`Qbb iQ i?2 Qi?2` bB/2 r?B+? rQmH/ #2 bmT2`BKTQb2/ QM i?2
`2+2/BM; HQ#2X AM  bvKK2i`B+ TSL- i?Bb rQmH/ TT2` b #Qi? #Hm2 M/ `2/b?B7i2/ `+b +HQb2 iQ
i?2 bvKK2i`v THM2 Q` KB/@THM2 Q7 i?2 +QM};m`iBQMX
6Q` i?2 7mHH iQKB+ `mM BM 6B;X eXj8- i?2 So /B;`K /BbTHvb M `+ r?B+? `2KBMb #`B;?i M/
bi`QM; HH i?2 rv HQM;X Ai b?QmH/ HbQ #2 MQi2/ i?i #v //BM; iQ;2i?2` irQ HQ#2b Q7  /Qm#H2
bQm`+2 UBX2X i?2 7mHH 2HHBTbQB/V rQmH/ vB2H/  /BbiQ`i2/ 2HHBTb2- `Qii2/ Qz@tBbX
AM +b2 Q7 ?B;?2` 2M2`;v [O I] 6300λ B`;HQr HBM2- i?2 THM2 Q7 bFv BK;2b /BbTHv2/ BM 6B;X eXje `2
bBKBH` BM KQ`T?QHQ;v M/ TT`QtBKi2Hv QM2 ~mt K;MBim/2 ?B;?2` +QKT`2/ iQ i?2 >α 6563λX
aBKBH` KQ`T?QHQ;B+H 72im`2b iQ >α HbQ `Bb2 i jy◦ M/ ey◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv So
/B;`Kb 7Q` #Qi? JQ/2Hb Jk M/ Jj BM 6B;X eXjd @ eXj3X qBi? Jj Q#iBMBM; ;`2i2b #Hm2 b?B7i
pHm2b +QKT`2/ iQ Qi?2` +QKTQbBiBQMb Q7 i?2 bK2 2KBbbBQM HBM2X h?2 7mHH iQKB+ `mM Q7 [O I]
i jy◦ M/ ey◦ BM 6B;X eXjN Bb HbQ KQ`T?QHQ;B+HHv B/2MiB+H M/ Bb i QM2 K;MBim/2 ?B;?2` ~mt
pHm2b +QKT`2/ iQ >α 2KBbbBQMX
h?2 [Si II] 6716λ 7Q`#B//2M HBM2 BM 6B;X eX9y ;2M2`i2b  Km+? bi`QM;2`- bTiBHHv }HH2/ iQKB+
2KBbbBQM /Bbi`B#mi2/ HQM; i?2 2MiB`2 Qmi~Qr `2;BQM rBi? rB/2bi dy FK b−1 HBM2 /Bbi`B#miBQM
HQM; i?2 bHBi +QKT`2/ iQ Qi?2` QTiB+H THM2 Q7 i?2 bFv So TM2HbX h?2 Qp2`HH HBM2 2KBbbBQM
7Q` HH Q`B2MiiBQMb Bb KQ`2 }HH2/ b b?QrM BM 6B;X eX9R @ eX9k- i?2 ~mt `M;2 Bb QM2 K;MBim/2
H2bb +QKT`2/ iQ Qi?2` QTiB+H TM2HbX h?2 2KBbbBQM ;2M2`i2b KQ`2 MQi#H2 T2Fb rBi? pHm2b
bBKBH` iQ >α HBM2b i jy◦ M/ ey◦ Q`B2MiiBQMX JQ/2H Jk M/ Jj Q#iBM bBKBH` KtBKmK #Hm2
b?B7i pHm2bX h?2 7mHH iQKB+ `mM Q7 [O I] BM 6B;X eX9j ?b H2bb T2Fb /Bbi`B#mi2/ BMiQ i?2 ~MFb i
ey◦- +`2i2b #Hm2 b?B7i pHm2b i i?i Q`B2MiiBQM M/ bBKBH` T2F KQ`T?QHQ;v i jy◦ Q`B2MiiBQM
+QKT`2/ iQ >α M/ [O I] HBM2bX
h?2 H2bi 2M2`;2iB+ [Fe II] 1.64µm 2KBbbBQM HBM2 BM 6B;X eX99 T`Q/m+2b HQr2bi ~mt pHm2b +QKT`2/
iQ Qi?2` iQKB+ HBM2bX qBi? Jj BM 6B;X eX9e Q#iBMBM; ;`2i2b #Hm2 b?B7i pHm2b +QKT`2/ iQ Jk
BM 6B;X eX98 M/ 6B;X eX9d- B/2MiB+H iQ i?2 Qi?2` i?`22 bBKmHi2/ HBM2bX h?2 7mHH iQKB+ KQ/2H i
ey◦ Q`B2MiiBQM Bb MQi b bTiBHHv }HH2/ b J9 7Q` Qi?2` bBKmHi2/ HBM2b M/ ?b ;`2i2` MmK#2`
Q7 T2F 2KBbbBQM /Bbi`B#mi2/ HQM; i?2 `+? Q7 i?2 Qmi~QrX
R93 eXkX So .A:_Ja
JMv Q7 i?2 #Qp2 T`QT2`iB2b `2 +QM}`K2/ #v bim/vBM; i?2 BMi2;`i2/ HBM2 T`Q}H2b- b /BbTHv2/
BM 6B;X eX93- r?2`2 i?2 bQHB/- /Qii2/  /b?2/ HBM2b +Q``2bTQM/ iQ i?2 i?`22 BM/B+i2/ rBM/
Q`B2MiiBQMb- M/ i?2 KQ/2Hb Jk- Jj  J9 `2 /BbTHv2/ 7`QK H27i iQ `B;?iX Ai Bb +H2` i?i i?2
iQKB+ rBM/ +M +`2i2 rB/2 HBM2b rBi? b?B7ib TT`Q+?BM; i?2 rBM/ bT22/ Bib2H7X 1p2M i?Qm;?
i?2 rBM/ ;2ib +QKT`2bb2/ M/ bHQr2/ r?2M TbbBM; i?`Qm;? i?2 b?Q+F- i?2 b?Q+F Bib2H7 Bb MQi
i`Mbp2`b2 iQ i?2 rBM/- #mi ?B;?Hv 7`;K2Mi2/ M/ /BbiQ`i2/ BMiQ Q#HB[m2 +QKTQM2MibX >2M+2
i?2 b?Q+F@?2i2/ rBM/ +M KBMiBM  ?B;? `/BH bT22/X h?Bb 2z2+i Bb MQi T`QKBM2Mi BM i?2
Tm`2 iQKB+ ~Qr #2+mb2 i?2 im`#mH2Mi b?2HH Bb MQi /BbiBM+iHv 7`;K2Mi2/X AMbi2/- i?2 2M2`;v
Bb +?MM2HH2/ BMiQ HQr2`@bT22/ im`#mH2M+2- T`Q/m+BM;  Km+? ?B;?2` T2F 2KBbbBQM- b b?QrM BM
i?2 `B;?i TM2HX
h?2 ?B;?2bi ~mt +QKTQM2Mi Bb `2+?2/ BM THM2 Q7 i?2 bFv pB2r 7Q` HH iQKB+ KQ/2H M/ Q`B@
2MiiBQM TM2Hb rBi? i?2 ?B;?2bi pHm2 Q7 ∼ 120× 10−13 erg s−1 cm−2 sr−1 2bi#HBb?2/ #v Tm`2
iQKB+ KQ/2H J9 7Q` [O I] 6300λ B`;HQr HBM2 BM 6B;X eX8R U`B;?i TM2HV r?B+? Bb HbQ bmT@
TQ`i2/ #v So /B;`KbX h?2 HQr2bi ~mt rb +?B2p2/ #v i?2 [Fe II] 1.64µm 2KBbbBQM HBM2 i
∼ 0.04× 10−13 erg s−1 cm−2 sr−1 7Q` KQ/2H Jj - eX8j UKB//H2 TM2HVX h?Bb HQr ~mt i`2M/ ?QH/b
7Q` +QKTQbBiBQMH KQ/2H Jj +`Qbb HH QTiB+H rp2H2M;i?bX h?2 ;`2i2bi #Hm2 b?B7i pHm2b `2
HbQ +`2i2/ #v qJ KQ/2H Jj rBi? ey◦ Q`B2MiiBQM +QKT`2/ iQ Qi?2` +QKTQbBiBQMH KQ/2Hb
BM 6B;- eX8k @ 6B;- eX8jX
6BMHHv- Bi +M #2 MQi2/ i?i KMv Q7 i?2b2 T`QT2`iB2b `2 TT`2Mi BM i?2 9,R 2HHBTbQB/H rBM/
So M/ HBM2 T`Q}H2 /B;`Kb #mi MQi iQ bm+? M Q#pBQmb /2;`22 Hi?Qm;? biBHH `2+Q;MBb#H2X
R9N eXkX So .A:_Ja
6B;m`2 eXjk, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 >α 6563λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi?
i?2 HQM; tBb BM i?2 THM2 Q7 i?2 bFv Uα = 0◦V i  Hi2 bi;2 Q7 rBM/ 2tTMbBQMX h?2 i?`22 +QKTQbBiBQM
KQ/2Hb `2 b BM/B+i2/X
R8y eXkX So .A:_Ja
6B;m`2 eXjj, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 Hα 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2 HQM; tBb
α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2 Jk KQ/2H
7Q` KQH2+mH` rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
R8R eXkX So .A:_Ja
6B;m`2 eXj9, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 Hα 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2 HQM; tBb
α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2 Jj KQ/2H
7Q`  iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
R8k eXkX So .A:_Ja
6B;m`2 eXj8, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 Hα 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2 HQM; tBb
α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2 J9 KQ/2H
7Q`  iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
R8j eXkX So .A:_Ja
6B;m`2 eXje, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [O I] 6300λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi?
i?2 HQM; tBb BM i?2 THM2 Q7 i?2 bFv Uα = 0◦V i  Hi2 bi;2 Q7 rBM/ 2tTMbBQMX h?2 i?`22 +QKTQbBiBQM
KQ/2Hb `2 b BM/B+i2/X
R89 eXkX So .A:_Ja
6B;m`2 eXjd, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [O I] 6300λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2 HQM;
tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2 Jk
KQ/2H 7Q` KQH2+mH` rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
R88 eXkX So .A:_Ja
6B;m`2 eXj3, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [O I] 6300λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2 HQM;
tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2 Jj
KQ/2H 7Q` M iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
R8e eXkX So .A:_Ja
6B;m`2 eXjN, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [O I] 6300λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2 HQM;
tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2 J9
KQ/2H 7Q` M iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
R8d eXkX So .A:_Ja
6B;m`2 eX9y, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [Si II] 6716λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi?
i?2 HQM; tBb BM i?2 THM2 Q7 i?2 bFv Uα = 0◦V i  Hi2 bi;2 Q7 rBM/ 2tTMbBQMX h?2 i?`22 +QKTQbBiBQM
KQ/2Hb `2 b BM/B+i2/X
R83 eXkX So .A:_Ja
6B;m`2 eX9R, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [Si II] 6716λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2
HQM; tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2
Jk KQ/2H 7Q`  iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
R8N eXkX So .A:_Ja
6B;m`2 eX9k, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [Si II] 6716λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2
HQM; tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2
Jj KQ/2H 7Q`  iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
Rey eXkX So .A:_Ja
6B;m`2 eX9j, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [Si II] 6716λ 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2
HQM; tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2
J9 KQ/2H 7Q`  iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
ReR eXkX So .A:_Ja
6B;m`2 eX99, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [Fe II] 1.64µm 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi?
i?2 HQM; tBb BM i?2 THM2 Q7 i?2 bFv Uα = 0◦V i  Hi2 bi;2 Q7 rBM/ 2tTMbBQMX h?2 i?`22 +QKTQbBiBQM
KQ/2Hb `2 b BM/B+i2/X
Rek eXkX So .A:_Ja
6B;m`2 eX98, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [Fe II] 1.64µm 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2
HQM; tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2
Jk KQ/2H 7Q`  iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
Rej eXkX So .A:_Ja
6B;m`2 eX9e, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [Fe II] 1.64µm 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2
HQM; tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2
Jj KQ/2H 7Q`  iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
Re9 eXkX So .A:_Ja
6B;m`2 eX9d, SQbBiBQM@o2HQ+Biv /B;`Kb 7Q` i?2 [Fe II] 1.64µm 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+H rBM/ rBi? i?2
HQM; tBb α = 30◦ M/ α = 60◦ Qmi Q7 i?2 THM2 Q7 i?2 bFv- i  Hi2 bi;2 Q7 R9y FK b−1 rBM/ 2tTMbBQMX h?2
J9 KQ/2H 7Q`  iQKB+ rBM/ M/ iQKB+ K#B2Mi K2/BmK Bb /BbTHv2/X
UV JQ/2H Jk U#V JQ/2H Jj U+V JQ/2H J9
6B;m`2 eX93, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM >α 2KBbbBQM 7`QK k,R 2HHBTiB+H rBM/b rBi? i?2 bvKK2i`v tBb
i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX
Re8 eXkX So .A:_Ja
UV α = 0◦X U#V α = 30◦X U+V α = 60◦X
6B;m`2 eX9N, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM [Hα] 2KBbbBQM 7`QK R,R bT?2`B+H rBM/ rBi? i?2 bvKK2i`v tBb
i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX
UV JQ/2H Jk U#V JQ/2H Jj U+V JQ/2H J9
6B;m`2 eX8y, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM >α 2KBbbBQM 7`QK 9,R 2HHBTiB+H rBM/b rBi? i?2 bvKK2i`v tBb
i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX
Ree eXkX So .A:_Ja
UV JQ/2H Jk U#V JQ/2H Jj U+V JQ/2H J9
6B;m`2 eX8R, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM [OI] 2KBbbBQM 7`QK k,R 2HHBTiB+H rBM/ rBi? i?2 bvKK2i`v tBb
i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX
UV α = 0◦X U#V α = 30◦X U+V α = 60◦X
6B;m`2 eX8k, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM [SII] 2KBbbBQM 7`QK k,R 2HHBTiB+H rBM/ rBi? i?2 bvKK2i`v tBb
i 0, 30&60◦ iQ i?2 THM2 Q7 i?2 bFvX
Red eXkX So .A:_Ja
UV JQ/2H Jk U#V JQ/2H Jj U+V JQ/2H J9
6B;m`2 eX8j, GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM [FeII] 2KBbbBQM 7`QK k,R 2HHBTiB+H rBM/ rBi? i?2 bvKK2i`v tBb




h?2 T?b2 bB;MHH2/ #v T`QiQTHM2i`v M2#mH #`B/;2b i?2 :" M/ THM2i`v M2#mH T?b2bX
S`2pBQmbHv 2D2+i2/ Ki2`BH M/ br2Ti mT K#B2Mi ;b `2 bm#D2+i iQ i?2 BKT+i Q7  rBM/ i?i
Kv ?p2  bT22/ Q7 ey Ĝ jyy FK b−1- ;2M2`iBM;  b?2HH 2tTM/BM; i  bT22/ Q7 b2p2`H i2Mb Q7
FK b−1X q2 ?p2 K/2 M ii2KTi ?2`2 iQ bBKmHi2 i?Bb T?b2 BM r?B+? KQH2+mH` b?Q+F T?vbB+b
Kv /QKBMi2 i?2 Q#b2`p2/ 2KBbbBQM Bb b?Q+F@BM/m+2/X
aT2+B}+HHv- i?2 BM+HmbBQM Q7 KQH2+mH` +?2KBbi`v M/ +QQHBM; Bb pBiH 7Q` +Q``2+i mM/2`biM/BM;
#2+mb2 Q7 i?2 bi`QM; +QQHBM; M/ +QKT`2bbBQM rBi?BM i?2 b?Q+F Hv2`b r?B+?- `i?2` i?M ;2M@
2`iBM;  i?BM b?2HH- /BbiQ`ib M/ 7`;K2Mib BMiQ KQH2+mH` bi`2Kb M/ }M;2`bX h?2b2 }M;2`b
T`Qi`m/2 7`QK i?2 KQH2+mH` K2/BmK +`Qbb i?2 BMi2`7+2X h?mb- +HbbB+H +QK2i`v ;HQ#mH2b i?i
`2 2tTQb2/ iQ i?2 rBM/ M/ `Qm;?Hv 7+2 i?2 +2Mi`H bi` Q` rBM/@;2M2`i2/ #mHH2ib /pM+BM;
?2/ Q7 i?2 BMi2`7+2 +M `2bmHiX q2 }M/ i?i i?2 /B`2+iBQM Q7 i?2b2 bi`2Kb `2 MQi +QMbi`BM2/
iQ HB2 QM i?2 `/BH HBM2 iQ i?2 +2Mi`H bi` #mi TT2` iQ /Bp2`i ++Q`/BM; iQ i?2 HQ+H +QM/BiBQMbX
JQH2+mH2 /BbbQ+BiBQM Bb HbQ bB;MB}+MiX Pp2`HH- r2 MQi2 i?i BM i?2 2`Hv bi;2b Q7 rBM/
2tTMbBQM- i?2 KQH2+mH2b BM i?2 K#B2Mi K2/BmK `2 /2bi`Qv2/ /m2 iQ  bi`QM; 7Q`r`/ b?Q+FX
6Q` i?2 Hi2` bi;2b b i?2 TSL `/Bmb 2tTM/b- i?2 bBimiBQM #2+QK2b `2p2`b2/ M/ Bi Bb i?2
KQH2+mH2b BM i?2 rBM/ i?i ;2i /BbbQ+Bi2/X h?Bb b?Q+F bi`m+im`2 Bb iBK2 /2T2M/2Mi M/ H2/b




SHM2i`v M2#mH i?i `2 2HHBTiB+H +QmH/ #2 72bB#Hv ;2M2`i2/ i?`Qm;?  p`B2iv Q7 K2+?MBbKbX
b bmKK`Bb2/ #v >m`i2@1bTBMQb 2i HX UkyRkV- i?2b2 BM+Hm/2 URV M 2`Hv D2i T?b2 7QHHQr2/
#v  bT?2`B+H rBM/- UkV  rBM/ i?i Bb b?Q+F@7Q+mbb2/ Q` Qi?2`rBb2 `2/B`2+i2/ #v M 2`Hv :"
2[miQ`BH rBM/ Q` b?2HH M/ UjV M 2`Hv bT?2`B+H :" 2Mp2HQT2 Q` rBM/ rBi?  bm#b2[m2Mi
+QHHBKiBQM tBH ~QrX >2`2- r2 bBKTHv bbmK2 M 2HHBTiB+H p2HQ+Biv /Bbi`B#miBQM-  ?v#`B/ D2i@
rBM/ K2+?MBbKX h?2 `2bmHiBM; KQH2+mH` bBKmHiBQMb T`QpB/2  b2i Q7 i2KTHi2b ;BMbi r?B+?
r2 +M i2bi +QKTH2t 2pQHmiBQM`v b+2M`BQb i?i Kv #2 `2H2pMi iQ T`QiQbi2HH` Qmi~Qrb b r2HH
b TSLX
h?2b2 rBM/ BMi2`+iBQMb TQbb2bb bQK2 `2b2K#HM+2 BM i?2B` b2i mT iQ i?Qb2 Q++m``BM; BM /Bp2`;BM;
D2i Q` +QMB+H iQKB+ Qmi~Qr UG22  a?B kyyjV r?B+? H2/ iQ #Qr@b?Q+F /QKBMi2/ ~Qrb-
M/ iQ +QHHBKi2/ KQH2+mH` rBM/b UG22 2i HX kyyNV mbBM; i?2 bK2 KQH2+mH` T?vbB+b b BM i?2
Q`B;BMH p2`bBQM Q7 i?2 T`2b2Mi w1la +Q/2 UamiiM2` 2i HX RNNdVX >Qr2p2`- i?2 Qmi+QK2b `2
p2`v /Bz2`2Mi bBM+2 i?2 D2i BMi2`7+2 Bb i?2M iM;2MiBH iQ i?2 ~Qr M/ 2tTQb2/ iQ i?2 K#B2Mi
K2/BmKX >2M+2- i?2 `iBQ Q7 i?2 K#B2Mi i?2`KH T`2bbm`2 iQ i?2 rBM/ T`2bbm`2 #2+QK2b Q7
+`m+BH BKTQ`iM+2 iQ i?2 rBM/fD2i 2tTMbBQMX
h?2 +QKT`BbQM iQ Q#b2`piBQMb Kmbi iF2 BMiQ ++QmMi i?2 HBKBiiBQMb BKTQb2/ QM i?2 bBKmHi2/
T?vbB+b M/ /vMKB+b BM Q`/2` iQ BM+Q`TQ`i2 i?2 +?2KBbi`v rBi? KQ/2`i2 ++m`+vX 6B`biHv-
r2 bbmK2 +vHBM/`B+H bvKK2i`v i?i BM~m2M+2b ?Qr T2`im`#iBQMb ;`Qr 7`QK M BMM2` bT?2`B+H
bm`7+2 M/ ?Qr Q#b2`piBQMb Q7 i?2 }M;2`b TT2` BM T`QD2+iBQMX AM //BiBQM- K;M2iQ?v/`Q/v@
MKB+b rQmH/ HBKBi i?2 +QKT`2bbBQM- #mi TQbbB#Hv BMi`Q/m+2 K#BTQH` /BzmbBQM 2z2+ib #27Q`2
BQMBbiBQM H2p2Hb `2 `Bb2/ bm{+B2MiHv #v i?2 2K2`;BM; r?Bi2 /r`7X 6BMHHv- r2 ?p2 iF2M
i?2 2MpB`QMK2Mi iQ #2 mMB7Q`K M/ ?QKQ;2M2Qmb BM i?Bb }`bi rQ`FX am+? M bbmKTiBQM rQmH/
TT2` iQ 2HBKBMi2 i?2 TQbbB#BHBiv Q7 ;2M2`iBM; #BTQH` M2#mH UrBi?  +QMbi`B+i2/ Q` ?Qm`@;Hbb
bi`m+im`2V- Hi?Qm;? i?Bb rb  T`BQ`B MQi M2+2bb`BHv i?2 +b2- ;Bp2M i?i  /2~2+i2/ rBM/ Q` 
`QiiBM; D2i +QmH/- BM i?2Q`v- ;2M2`i2 +M/H2@~K2 b?T2b- B7 i?2 rBM/ ~Qr r2`2 /2~2+i2/ #v 
ǵKB/@THM2Ƕ Q#HB[m2 b?Q+F b b?QrM #v UaKBi? RN3eVX
JQH2+mH` ?v/`Q;2M 2KBbbBQM Bb bbQ+Bi2/ rBi? #Qi? #BTQH` M/ 2HHBTiB+H M2#mH UJ`[m2x@
Gm;Q 2i HX kyRjV r?B+? Kv r2HH 7QHHQr 2MiB`2Hv /BbiBM+i 2pQHmiBQMbX h?2`2 Bb BM/22/ ;i?2`BM;
2pB/2M+2 i?i i?2 SL T?2MQK2MQM Bb ?2i2`Q;2M2Qmbc SL `2 7Q`K2/ 7`QK KmHiBTH2 2pQHmiBQM`v
b+2M`BQb U6`2r  S`F2` kyRyVX h?2 2D2+iBQM KQ/2Hb Kv r2HH /2T2M/ QM i?2 T`Q;2MBiQ` Kbb-
#BM`Biv M/ /2iBH2/ bi2HH` T?vbB+bX
Rdy dXkX *PJS_AaPL P6 >u._P.uLJA* qAL.@a>1GG ALh1_*hAPLa
*QHHBbBQM b?Q+F rp2b `2 i?2 /QKBMMi bQm`+2 Q7 2M2`;v 7Q` i?2 >2 2t+BiiBQM BM i?2 H2bi
2pQHp2/ TSL U.pBb 2i HX kyyjVX 6HmQ`2b+2M+2- QM i?2 Qi?2` ?M/- #2+QK2b KQ`2 BKTQ`iMi i
BMi2`K2/Bi2 2pQHmiBQM`v bi;2b UBX2X BM ǵvQmM;Ƕ SL r?2M i?2 lo 7`QK i?2 2tTQbm`2 iQ i?2 ?Qi
+2Mi`H bi` }`bi #2+QK2b bi`QM;V- T`iB+mH`Hv BM i?2 BMM2` +Q`2 `2;BQMb M/ HQM; i?2 BMM2` 2/;2b
Q7 i?2 2tTM/BM; TQbi@bvKTiQiB+ ;BMi #`M+? 2Mp2HQT2X h?Bb Bb +QMbBbi2Mi rBi? i?2 }M/BM; i?i-
/m`BM; i?2 /2p2HQT2/ SL bi;2b- KQH2+mH` ?v/`Q;2M `2KBMb bi`QM;Hv bbQ+Bi2/ rBi? #BTQH`
M2#mH `i?2` i?M 2HHBTiB+H M2#mH U>Q` 2i HX RNNNVX
h?2 /Bbi`B#miBQM Q7 >2 2KBbbBQM BM TSL bm;;2bib i?i  7bi rBM/ Bb BKTBM;BM; QM Ki2`BH BM
i?2 +pBiv rHHb M/ iBTb U:H2/?BHH 2i HX kyRRVX 1tKTH2b Q7 T`QHi2 2HHBTbQB/H M2#mH `2 7QmM/
U>`BpMF 2i HX kyy3V 2p2M i?Qm;? i?2 #BTQH` SL `2 T`iB+mH`Hv bbQ+Bi2/ rBi? >2- TQbbB#Hv
#2+mb2 Q7  T`2pBQmbHv 2D2+i2/ bHQr KQH2+mH` rBM/ i?i TQbb2bb2b M Q#Hi2 2HHBTbQB/H bi`m+im`2X
h?2 bBKmHiBQMb ?2`2 T`Q/m+2 KQ`T?QHQ;B+H bi`m+im`2b bBKBH` iQ +QK2i`v FMQib 7QmM/ BM ?B;?
`2bQHmiBQM BK;2b Q7 Q#D2+ib bm+? b i?2 >2HBt M2#mH UH2KM 2i HX kyRRVX h?2 /2MbBiv Q7
i?2 FMQib T`2b2Mi BM Tm`2 KQH2+mH` KQ/2H JR Bb 7QmM/ iQ #2 bB;MB}+MiHv /2Mb2` +QKT`2/ iQ
bm``QmM/BM; K#B2Mi M/ rBM/ K2/BX EMQib M/ }HK2Mi`v +QM/2MbiBQMb `2 72im`2/ BM Hα
M/ 1→ 0 S(1)H2 BK;2b- K`FBM; i?2 i`MbBiBQM `2;BQM #2ir22M r`K BQMBb2/ M/ M2mi`H HX
EMQib ?p2 HbQ #22M /2i2+i2/ BM >2 2KBbbBQM 7`QK HQr@BQMBxiBQM bi`m+im`2b BM irQ THM2i`v
M2#mH UF`b 2i HX kyRdVX h?2 >2 k@RfR@y aURV HBM2 `iBQ `M;2b 7`QK yXR iQ yXR9- bm;;2biBM;
i?2 T`2b2M+2 Q7 b?Q+F BMi2`+iBQMb- +QMbBbi2Mi rBi? i?2 T`2/B+iBQMb ?2`2 Qp2` rB/2 `2;BQMb Q7
TSLX h?2 bi`QM;2bi HBM2- RĜy aURV- rb HbQ /2i2+i2/ BM b2p2`H HQr@BQMBxiBQM FMQib HQ+i2/ i
i?2 T2`BT?2`v Q7 i?2 2HHBTiB+H THM2i`v M2#mH L:*deekX PMHv 7Qm` FMQib Q7 i?2b2 2t?B#Bi
/2i2+i#H2 kĜR aURV M/ i?2`27Q`2 TQbb2bb ?B;? >2 2t+BiiBQM rBi? HBM2 `iBQb #2ir22M yXj M/
yX8X Ai rb bm;;2bi2/ i?i i?2 2KBbbBQM Bb BM/m+2/ #v BQMBxBM; mHi`pBQH2i 7`QK i?2 +2Mi`H bi`
Hi?Qm;? r2 ?p2 7QmM/ ?2`2 i?i BbQHi2/ ?Qi@b?Q+F xQM2b +M TQbb2bb bBKBH` pHm2b i 2`Hv
bi;2bX AM T`iB+mH`- JQ/2H Jj rBi? M K#B2Mi KQH2+mH` K2/BmK +QMiBMb `2;BQMb Q7 p2`v
?B;? 2t+BiiBQM 2p2M i  Hi2` 2pQHmiBQM`v bi;2X
dXk *QKT`BbQM Q7 ?v/`Q/vMKB+ rBM/@b?2HH BMi2`+iBQMb
S2`bBbi2Mi bmT2`bQMB+ Qmi~Qrb ?p2 #22M i?2 bm#D2+i Q7 KMv ?v/`Q/vMKB+ bBKmHiBQMb rBi?
rB/2 TTHB+iBQMbX h?2 BMD2+i2/ ~Qrb `2 HHQr2/ iQ 2pQHp2 rBi? T`2+2bbBQM- bKQQi? TmHbiBQM
M/ BMi2`KBii2Mi 2D2+iBQMb Q7i2M BKTQb2/ Q` bmT2`BKTQb2/X *QKKQM ;2QK2i`B+ 7Q`Kb BM+Hm/2
RdR dXkX *PJS_AaPL P6 >u._P.uLJA* qAL.@a>1GG ALh1_*hAPLa
2HHBTbQB/HfbT?2`QB/H- T`iHv +QHHBKi2/ M/ 7mHHv +?MM2HH2/ BMiQ D2ibX h?2 bBKmHiBQMb i?2M
7QHHQr i?2 BMi2`+iBQM #2ir22M i?2 Qmi~Qr M/ i?2 K#B2Mi K2/BmK- r?B+? Kv +QMbBbi Q7
iQKB+- KQH2+mH` M/fQ` `2HiBpBbiB+ ;bX
h?2`2 `2 irQ +`BiB+H 7+iQ`b i?i rBHH /2i2`KBM2 i?2 bBimiBQM #2BM; bBKmHi2/X h?2 }`bi 7+iQ`
Bb i?2 +QQHBM; iBK2 BM i?2 b?2HH i?i 7Q`Kb #2ir22M i?2 b?Q+F2/ rBM/ M/ i?2 b?Q+F2/ K#B2Mi
K2/BmKX h?2 b2+QM/ 7+iQ` Bb i?2 MmK2`B+H `2bQHmiBQM Q7 i?2 +QQHBM; Hv2`X aBKmHiBQMb `2
Q7i2M MQi #H2 iQ `2bQHp2 i?2 Hv2` M/ MmK2`B+H 2z2+ib `i?2` i?M i?2 T?vbB+b i?i +M i?2M
/2i2`KBM2 i?2 Qmi+QK2X hQ K2HBQ`i2 i?Bb- i?2 bBKmHiBQMb Q7i2M T`2bmK2 p2`v HQr /2MbBiB2b
M/ ?B;? bT22/b- bQ BM+`2bBM; i?2 +QQHBM; H2M;i? M/ bi#BHBivX h?2b2 bBKmHiBQMb `2 `2H2pMi
iQ i?2 7bi rBM/b BM i?2 SL bi;2X q2 +M B/2MiB7v i?`22 #`Q/ +b2b 7`QK i?2 KMv Qmi~Qr
bBKmHiBQMb- b 7QHHQrbX
AM *b2 R- i?2 b?Q+F2/ ;b Q7 QM2 Q7 i?2 K2/B +QHHTb2b BMiQ  p2`v i?BM /2Mb2 b?2HHX h?2 b?2HH
#`2Fb mT i?`Qm;? /vMKB+H BMbi#BHBiB2b- 7Q`KBM; }M;2`b T`Qi`m/BM; BMiQ i?2 QTTQbBM; K2/BmKX
h?BM@b?2HH BMbi#BHBiB2b b mM+Qp2`2/ BM i?2 +QMi2ti Q7 THM2i`v M2#mH #v :`+ő@a2;m` 2i HX
URNNNV +QM7Q`K iQ i?Bb TB+im`2X
AM *b2 k- i?2 b?Q+F2/ rBM/ `2KBMb ?QiX  ?Qi +pBiv 7Q`Kb r?B+? rBHH 2b+T2 i?`Qm;? #m##H2b
Q` /2 GpH MQxxH2b b D2ib- /2T2M/BM; QM i?2 T`2+Bb2 +QM};m`iBQM UaKBi? 2i HX RN3RVX h?mb-
2ti`2K2Hv HQr /2MbBiv rBM/b ?p2 #22M b?QrM iQ +`2i2 ?Qi #m##H2b mM/2` SL +QM/BiBQMb U"HB+F
RN3dc hQH  `i?m` kyR9VX
AM *b2 j- i?2 i?BM b?2HH Bb p2`i2/X h?2 +QQHBM; Bb MQi 2z2+iBp2 BM +QHHTbBM; i?2 ;b BMiQ  i?BM
b?2HH #2+mb2 i?2 +QQHBM; Hv2` Bb i?2`KHHv mMbi#H2X AM i?Bb +b2-  i?B+F im`#mH2Mi b?2HH 7Q`Kb
M/ ;`Qrb rBi?Qmi i?2 /2p2HQTK2Mi Q7 T`Qi`mbBQMbX aBKmHiBQMb Q7 ?B;? `2bQHmiBQM `2 M2+2bb`v
iQ `2bQHp2 i?2 +QKT`2bb2/ b?2HHX
>B;? `2bQHmiBQM bim/B2b +Q``2bTQM/BM; iQ *b2 j ?p2 #22M T`2b2Mi2/ #v pM J`H2  E2TT2Mb
UkyRkVX >2`2-  7bi rBM/ Q7 k-yyy FK b−1 Bb b?Q+F2/ iQ T`QpB/2  ?Qi +pBiv i?i /`Bp2b 
/2Mb2 b?2HHX h?2 b?2HH Bb ?B;?Hv /BbiQ`i2/ M/ B``2;mH` rBi?Qmi i?2 7Q`KiBQM Q7 /2Mb2 }M;2`bX
h?2 /pM+BM; b?Q+F 7`QMi ?b  bT22/ +HQb2 iQ Ryy Ĝ kyy FK b−1- r?B+? 7HHb BMiQ i?2 `M;2
r?2`2 i?2`KH BMbi#BHBiv M/ /vMKB+ Qp2`bi#BHBiv `2 T`2b2Mi Uai`B+FHM/  "HQM/BM RNN8VX
GQr2` BQMBbiBQM bT2+B2b bm+? b [Si II] 6716λ 2KBbbBQM 7`QK kyy FK b−1 *6q bbQ+Bi2/ rBi?
i?2 TSL *_GeR3 rb bBKmHi2/ #v o2Hx[m2x 2i HX UkyR9VX h?2v b?Qr bvMi?2iB+ KTb rBi? 
~mt /vMKB+ `M;2 Q7 103 erg s−1 cm−2sr−1- +Q``2HiBM; rBi? BK;2b /BbTHv2/ BM 6B;X eXkyX PM
Rdk dXjX *PJS_AaPL hP P"a1_ohAPLa
i?2 Qi?2` ?M/- T`2/B+i2/ So /B;`Kb 7Q` *_GeR3 `2 /QKBMi2/ #v i?2 2D2+i2/ #mHH2ibX
h?2 bT2+B}+ +b2 bim/B2/ ?2`2 +Q``2bTQM/ iQ 2HHBTbQB/H rBM/b Q7 ?B;? Kbb Qmi~Qr BMiQ  mMB7Q`K
/2Mb2 K#B2Mi K2/BmK LQpBFQp  aKBi? UkyR3- kyRNVX "Qi? i?2 rBM/ M/ K#B2Mi K2/BmK rBHH
+QQH BM  iBK2 b+H2 bB;MB}+MiHv b?Q`i2` i?M i?2 /vMKB+H iBK2 Q7 2tTMbBQMX h?2 Qmi~Qr
bT22/b M/ /2MbBiB2b +Q``2bTQM/ iQ i?Qb2 2tT2+i2/ BM T`QiQTHM2i`v M2#mH M/ T`QiQbi2HH`
Qmi~Qrb 7`QK HQr@Kbb bi`bX
qBi? i?Bb bBKmHiBQM b2i@mT- r2 `2 KQ/2HHBM; i?2 p2`v 2`Hv bi;2b Q7 Qmi~Qr /2p2HQTK2Mi
#27Q`2 i?2 7bi SL rBM/ bm+? b bBKmHi2 #v S2`BMQiiQ 2i HX Ukyy9Vc a+?ƺM#2`M2` 2i HX Ukyy8V
Bb 2bi#HBb?2/X h?2 Hi2` 7bi iQKB+ rBM/b- ?Qi #m##H2b- T?QiQBQMBbiBQM M/ `/BiBQM T`2bbm`2
Q7 THM2i`v M2#mH2 `2 MQi bBKmHi2/ rBi? i?2 T`2b2Mi T`K2i2`bX
q2 i?mb }M/ i?i i?2 bBKmHiBQMb T`2b2Mi2/ ?2`2 `2 +QMbBbi2Mi rBi? T`2pBQmb bim/B2bX  i?BM
+QHHTb2/ b?2HH Q7 b?Q+F2/ KQH2+mH` ;b mM/2` TSL +QM/BiBQMb rBHH /2;2M2`i2 BMiQ  `2;mH`
Tii2`M Q7 `Qm;?Hv `/BH }HK2MibX PM i?2 Qi?2` ?M/- B7 QMHv iQKB+ ;b Bb BMpQHp2/- i?2 b?2HH
/2;2M2`i2b BMiQ M B``2;mH` Tii2`M +QMiBMBM; FMQib M/ }HK2Mib rBi?BM  bHQrHv i?B+F2MBM;
im`#mH2Mi Hv2`X
dXj *QKT`BbQM iQ Q#b2`piBQMb
h?2 HBi2`im`2 +QMiBMb KMv KQ/2Hb Q7 THM2i`v M2#mH i?i T2`iBM iQ }M/BM; T?vbB+H T@
`K2i2` }ib iQ bT2+B}+ BK;2bX >Qr2p2`- KQ/2Hb #b2/ QM 7mHH ?v/`Q/vMKB+H bBKmHiBQMb `2
``2 M/ Q7i2M 2KTHQv `2bQHmiBQMb i?i +MMQi /2[mi2Hv 2tTHQ`2 i?2 b?2HH bi#BHBiv Q` /Q MQi
?p2 i?2 `2bQHmiBQM iQ 2tTHQ`2 i?2 `M;2 BM i2KT2`im`2 M/ /2MbBiv rBi?BM i?2 b?2HHX >2`2- i?2
+Q/2 +QMiBMb i?2 M2+2bb`v +QQHBM; 7mM+iBQMb i?i QT2`i2 #2ir22M Ry E M/ Ry8KX  +QKT`Q@
KBb2 `2KBMb BM i?2 `2bQHmiBQM Q7 i?2 ?Qi iQKB+ TQbi@b?Q+F ;b 7Q` r?B+? r2 TT`QtBKi2 i?2
BQMBbiBQM M/ i2KT2`im`2 bi`m+im`2X
h?2 >α 6563λ 2KBbbBQM BM 6B;X eXRN b?Qrb 72im`2b- bBKBH` iQ i?2 QM2b +QKTmii2/ #v o2Hx[m2x
2i HX Ukyy9V BM >2M j@R9d8 rBi? 2ti2M/2/ #Qr b?Q+F rBM;b T`Q/m+2/ #v +QHHBKi2/ 7bi rBM/
U*6qV Q7 9yy FK b−1 2tTM/BM; BMiQ mMB7Q`K AaJX h?2 mi?Q`b HbQ T`QpB/2 `2bmHib 7Q` i?2 bK2
KQ/2H 2tTM/BM; BMiQ MQM@mMB7Q`K r−2 /2MbBiv T`Q}H2 AaJ T`Q/m+BM; ?B;? 2KBbbBQM pHm2b +HQb2
iQ i?2 +2Mi`H bi` M/ b22KBM;Hv H2bb #Qr b?Q+F 2KBbbBQM /m2 iQ HQr /2MbBiv K2/BmK T`K2i2`b
i H`;2 /BbiM+2b rv 7`QK i?2 bi2HH` bm`7+2X
Rdj dXjX *PJS_AaPL hP P"a1_ohAPLa
h?2 bHB;?iHv 2HHBTiB+H THM2i`v M2#mH L:*R8yR ?b #22M KQ/2HH2/ b M B``2;mH` 2HHBTbQB/
+QMiBMBM; +QKTH2t }HK2Mi`v bi`m+im`2X Ai /BbTHvb BMr`/@TQBMiBM; iBHb Ua##/BM 2i HX
kyyyV r?B+? bm;;2bib i?i i?Bb bi`m+im`2 Bb 7Q`K2/ /m2 iQ _vH2B;?@hvHQ` BMbi#BHBiB2b M/ rBM/@
rBM/ BMi2`+iBQMX SQbBiBQM@p2HQ+Biv /B;`Kb Q7 >α b?Qr  [mBi2 mMB7Q`K #Qr@b?T2/ b?2HH rBi?
KtBKmK 2tTMbBQM bT22/b Q7 TT`QtBKi2Hv 88 FK b−1X AM Qm` +b2- i?2 +Q``2bTQM/BM; JQ/2H
Jj b?Qrb bBKBH` KQ`T?QHQ;B+H 72im`2b 7Q`K2/ #v rBM/@mMB7Q`K AaJ BMi2`+iBQM ;2M2`iBM;
i?2 KQbi r2HH@/2}M2/ b?2HH bi`m+im`2 BM i?2 bBKmHi2/ So /B;`Kb b?QrM BM 6B;X eXjkX >Qr2p2`-
Bi Bb 2pB/2Mi i?i i?Bb M2#mH ?b 2pQHp2/ r2HH Tbi i?2 TSL T?b2 M/ Qi?2` T?vbB+H T`Q+2bb2b
`2 HBF2Hv iQ ?p2 `2b?T2/ i?2 2MpB`QMK2MiX
PM2 +M HbQ [m2biBQM B7 `BM; bi`m+im`2b bm+? b i?Qb2 Q#b2`p2/ BM L:*ejeN U_KQb@G`BQb 2i HX
kyRkV Kv #2 `2Hi2/ iQ i?2 `BM; bi`m+im`2b mM+Qp2`2/ ?2`2 BM >α- Hi?Qm;? Bi Bb MQi +H2` i?i
bm+? bi`m+im`2 rQmH/ `2KBM BM i?`22 /BK2MbBQMH bBKmHiBQMb M/ i i?2 Hi2` SL T?b2X h?Bb
M2#mH +QMiBMb Qmir`/@TQBMiBM; T`Qi`mbBQMb i?i rQmH/ +Q``2bTQM/ iQ Qm` JQ/2H k BMpQHpBM;
 KQH2+mH` rBM/ `KKBM; BMiQ iQKB+ Ki2`BHX AM/22/- _KQb@G`BQb 2i HX UkyRkV 7QmM/ i?i
i?2 T`Qi`mbBQMb +QMiBM KQH2+mH` M/ M2mi`H iQKB+ ;bX h?Bb Bb +QM}`K2/ BM >2 BK;2b i?i
/BbTHv +QMbB/2`#H2 KQH2+mH` Ki2`BH BMi2`BQ` iQ i?2 b?2HHX AM //BiBQM- So /B;`Kb /Q b?Qr
i?2 /BbiQ`i2/ 2HHBTb2b T`2/B+i2/ ?2`2X
SQbBiBQM@p2HQ+Biv /B;`Kb `2 #2BM; BM+`2bBM;Hv 2ti`+i2/ 7`QK HQM;@bHBi M/ BMi2;`H@}2H/ bT2+@
i`Qb+QTvX  /BbiBM+i 2HHBTiB+H KQ`T?QHQ;v rb 7QmM/ BM A_a Re8N9@9e8e U>`BpMF 2i HX kyy3VX
 +QKT`BbQM rBi? i?2 So /B;`Kb ;2M2`i2/ ?2`2 BM/B+i2b M tBb p2`v +HQb2 iQ i?2 THM2 Q7
i?2 bFvX >Qr2p2`- i?2 T`2/B+i2/ bi`QM; BM+`2b2 Q7 #`B;?iM2bb i i?2 H2/BM; 2/;2 Bb MQi /2i2+i2/X
q?BH2 i?2 ;2M2`H 2tTM/BM;@b?2HH bi`m+im`2b `2 p2`v bBKBH` iQ i?2 So /B;`Kb ;2M2`i2/ ?2`2-
i?2 Q#b2`p2/ p2HQ+Biv rB/i? Bb QMHv ∼ ky FK b−1- #Qmi ?H7 i?i T`2/B+i2/ BM 6B;X eXkeX So
/B;`Kb 7Q` >2M j@9yR /BbTHv irQ +QMp2`;BM; `+b rBi? i?2 `/BH p2HQ+Biv BM+`2bBM; mMB7Q`KHv
rBi? tBH /BbiM+2 U>`BpMF 2i HX kyy3VX am+?  bi`m+im`2 Bb 7QmM/ ?2`2 i jy◦ Qmi Q7 i?2 bFv
THM2 b b?QrM #v 6B;X eXkd B7 QM2 bbmK2b i?2 `2/b?B7i2/ HQ#2 ?b TQBMi@bvKK2i`v rBi? i?2
/BbTHv2/ #Hm2@b?B7i2/ QM2X ;BM- ?Qr2p2`- Qm` KQ/2Hb T`2/B+i  T`QKBM2Mi `2;BQM Q7 ?B;? ~mt
i i?2 H2/BM; 2/;2 Q7 i?2 7bi ~Qr HQM; i?2 tBb- r?B+? Bb MQi Q#b2`p2/X SQbBiBQM@p2HQ+Biv
/B;`Kb r2`2 T`2b2Mi2/ 7`QK HQM;@bHBi bT2+i`Qb+QTv HQM; i?2 +2Mi`H tBb Q7 i?2 SL JkĜN #v
aKBi? 2i HX Ukyy8VX h?2b2 /BbTHv irQ +QKTQM2Mib r?B+? +Q``2bTQM/ iQ i?2 M2` M/ 7` bB/2b
Q7 i?2 2tTM/BM; 2HHBTiB+H bi`m+im`2X >Qr2p2`- r2 +MMQi /BbiBM;mBb? #2ir22M KQ/2Hb T`2b2Mi2/
?2`2 bBM+2 i?2 2KBbbBQM Bb b?2HH@/QKBMi2/ BM HH i?`22 +b2bX
Rd9 dXjX *PJS_AaPL hP P"a1_ohAPLa
q?BH2 Qm` So /B;`Kb 2t?B#Bi b?2HH bi`m+im`2b- Qm` bBKmHi2/ BK;2b Q7 9,R rBM/b /Q MQi- #2BM;
/QKBMi2/ #v i?2 7bi H2/BM; b?T2/ b?2HHX h?mb 2HHBTiB+H b?2HH bi`m+im`2b bm+? b 7Q` L:*
jRjk /Q MQi 7HH BMiQ TH+2 ?2`2X PM2 +QmH/ T`QTQb2 i?i i?2 b?2HH ?b #22M 2t+pi2/ #v 
7bi 2HHBTbQB/H rBM/ #mi r?B+? ?b MQr #22M bmT2`b2/2/ #v  bT?2`B+H rBM/ i?i TTHB2b 
bBKBH` T`2bbm`2 `QmM/ i?2 b?2HHX P`- BM i?2 Hi2` bi;2b- T?QiQBQMBbiBQM ?b iF2M Qp2` b i?2
2t+BiiBQM K2+?MBbKX >Qr2p2`- Bi b22Kb KQbi HBF2Hv i?i i?2 2HHBTiB+H b?2HHb `2 bbQ+Bi2/
rBi? KBH/Hv@2HHBTbQB/H rBM/b BM r?B+? i?2 pBH#H2 b?Q+F TQr2` Bb MQi bm#biMiBHHv /Bz2`2MiX
h?Bb Bb HbQ #+F2/ mT #v k,R bBKmHiBQMb BM 6B;X eXR8 @ eXRd- r?2`2  +H2` b?2HH bi`m+im`2 Bb
Q#b2`p2/- T`Q/m+2/ #v H2bb 2HHBTiB+ Qmi~QrbX AM 7+i- i?2 T`QD2+i2/ im`#mH2Mi b?2HH Q7 L:*jöRjk
/BbTHvb M tBH `iBQ Q7 QMHv #Qmi RXk8 UJQMi2B`Q 2i HX kyyyV- +QMbBbi2Mi rBi? #Qi? b?Q+F M/
T?QiQ@2t+BiiBQMX JmHiBTH2 rBM/b rBHH M22/ iQ #2 2tTHQ`2/ rBi?  TQbbB#H2 2pQHmiBQM `2bmHiBM; BM
?Qm`@;Hbb bi`m+im`2 T`2b2Mi BM bQK2 TQbi@:" M2#mH2 bm+? b Jv*M@R3 M/ 6`Qbiv G2QX
>Qr 7` +M i?2b2 bBKmHiBQMb Q7 TSL #2 TTHB2/ iQ SL\ h?2 KDQ` /Bz2`2M+2 Bb BM i2`Kb Q7
bBx2 rBi? Qm` bBKmHiBQMb 7QHHQrBM; i?2 2tTMbBQM mT iQ #Qmi yXk T+ r?2`2b SL 2ti2M/ #2vQM/
i?Bb ivTB+HHvX L2p2`i?2H2bb- >2 ?b MQr #22M /2i2+i2/ BM  H`;2 MmK#2` Q7 SL U6`Q2#`B+? 2i HX
kyR8V M/ BM HKQbi 2+? +b2 U_KQb@G`BQb 2i HX kyRdVX h?2 SL i i?Bb bi;2 TT2` iQ ?p2
2pQHp2/ iQ 2Bi?2` `BM; b?T2/ Q` rBbi@b?T2/X h?2 `BM;@b?T2/ SL TT2` iQ #2 H`;2` M/ i?2v
2KBi KQ`2 BM i?2 >2 U:m2``2`Q 2i HX kyyyVX >2M+2- Bi Bb T`Q##H2 i?i bQK2 Q7 i?2 TSL `2
+QMiBM2/ #v  /2Mb2 K#B2Mi 2[miQ`BH `BM;- `2/m+BM; b?Q+F bT22/ M/ TQbi@b?Q+F 2t+BiiBQMc
~mQ`2b+2Mi 2t+BiiBQM i?2M /QKBMi2bX PM i?2 Qi?2` ?M/- r?2`2 i?2 TSL Bb MQi ?2H/ #+F-
b?Q+F 2t+BiiBQM +M biBHH /QKBMi2 rBi?BM i?2 2[miQ`BH THM2X
*?Ti2` 3
*QM+HmbBQMb  6mim`2 qQ`F
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q2 ?p2 BMp2biB;i2/ i?2 +QMb2[m2M+2b Q7 BMi`Q/m+BM;  bmT2`bQMB+ rBM/ rBi?  T`QHi2 2HHBTbQB/H
p2HQ+Biv /Bbi`B#miBQM BMiQ  mMB7Q`K +B`+mKbi2HH` 2MpB`QMK2MiX q2 +QMbB/2` HH +QK#BMiBQMb Q7
7mHHv KQH2+mH` M/ 7mHHv iQKB+ rBM/ M/ K#B2Mi K2/BX *QM/BiBQMb Kv #2 `2H2pMi iQ i?i
Q7 TSLX 1`Hv BM i?2 `mMb- i?2 7Q`r`/ b?Q+F Bb /QKBMMi M/ KQH2+mH2b BM i?2 K#B2Mi K2/BmK
`2 T`iHv /BbbQ+Bi2/X b i?2 rBM/ bHQrb /QrM b Bi 2tTM/b- i?2 #+Fr`/ b?Q+F #2;BMb iQ
/QKBMi2 M/ KQH2+mH2b BM i?2 rBM/ `2 /BbbQ+Bi2/X
q2 7QmM/ i?i M 2HHBTbQB/H b?2HH BMi2`7+2 7Q`Kb #mi 7`;K2Mib BMiQ }M;2`@HBF2 T`Qi`mbBQMb-
r?B+? TQF2 7`QK i?2 KQH2+mH` K2/BmK BMiQ i?2 iQKB+ K2/BmKX q?2M #Qi? K2/B `2 iQKB+-
i?2 }M;2`b `2 MQi TT`2MiX AMbi2/- i?2 iQKB+ b?2HH i?B+F2Mb BMiQ  im`#mH2Mi +`mbiX
hQ +`2i2 HBMFb iQ Q#b2`piBQMb- r2 T`Q/m+2/ H2 2KBbbBQM KTb 7Q` i?2 1→ 0 S(1) HBM2X "v
2KTHQvBM; kĜ. tBbvKK2i`B+ rBM/b- r2 ;BM BM ++m`+v M/ `2bQHmiBQM Q7 i?2 i2KT2`im`2 M/
KQH2+mH` 7`+iBQMX h?Bb- ?Qr2p2`- K2Mb i?i i?2 bBKmHi2/ bi`m+im`2b `2 HBKBi2/ iQ `BM;@
HBF2 7Q`KiBQMbX :mbbBM bKQQi?BM; Bb TTHB2/ iQ 7+BHBii2  +QKT`BbQM iQ i?2 Q#b2`piBQMb
/i rBi?  biM/`/ /2pBiBQM Q7 σ = 20 xQM2b- M/ ~mt bT`2/ Qp2` 4σ BM Q`/2` iQ `2/m+2 i?2
+H+mHiBQM iBK2 7Q` i?2 +QMpQHmiBQMX
6m`i?2` bT2+i`Qb+QTB+ bim/B2b UTQbBiBQM@p2HQ+Biv /B;`KbV 2M#H2 mb iQ /BbiBM;mBb? #2ir22M i?2
;2QK2i`v M/ Q`B2MiiBQMX q2 mM+Qp2` 2HHBTiB+H M/ >m##H2@HBF2 So /B;`Kb 7`QK i?2 bK2
bBKmHiBQM rBi? /Bz2`BM; Q`B2MiiBQMbX >Qr2p2`- p2HQ+Biv rB/i?b `2 `Qm;?Hv /Qm#H2 r?i ?b
Rd8
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+m``2MiHv #22M Q#b2`p2/X h?Bb bm;;2bib i?i Q#b2`p2/ TSL `2 H`2/v [mBi2 2pQHp2/ M/ i?2
/pM+BM; b?Q+F ?b 7m`i?2` /2+2H2`i2/X Hi2`MiBp2Hv- K;M2iQ?v/`Q/vMKB+ *@b?Q+F T?vbB+b
b?QmH/ #2 +QMbB/2`2/X h?2 >2 2KBbbBQM 7`QK *@b?Q+Fb Bb T`Q/m+2/ r2HH #27Q`2 i?2 ;b Bb b?Q+F@
++2H2`i2/- b QTTQb2/ iQ i?2 C@b?Q+Fb +QMbB/2`2/ ?2`2 r?2`2 i?2 DmKT Q++m`b #27Q`2 i?2 2KBb@
bBQMX h?2 `2bmHi rQmH/ #2 HQr2` p2HQ+Biv rB/i?b M/ M``Qr2` HBM2 T`Q}H2b B7 i?2 KBM bQm`+2 Q7
2KBbbBQM Q`B;BMi2b 7`QK  bHQr@KQpBM; K#B2Mi K2/BmKX
h?2 KQ/2H b2i mT ?2`2 ;2M2`i2b HQ#2@ivT2 M2#mH rBi?  H2/BM; #Qr@b?T2/ `2;BQMX q2 ?p2
HbQ BM/B+i2/- ?Qr2p2`- i?i ~mQ`2b+2Mi >2 /Bbi`B#miBQMb rQmH/ /2KQMbi`i2  +HbbB+H #BTQH`
+QM};m`iBQM rBi? `+b bi2KKBM; 7`QK i?2 2[miQ`BH THM2X
h?2`2 `2 bQK2 bB;MB}+Mi /Bz2`2M+2b BM i`2M/b #2ir22M i?2 KQ/2HbX 6Q` 7mHHv KQH2+mH` JQ/2H
R UJqJV- #Qi? b?Q+Fb +QMi`B#mi2 iQ i?2 iQiH 2KBbbBQM T`Q/m+2/ r?B+? i?2`27Q`2 ?QH/b [mBi2
+QMbiMiX h?2 BM+`2bBM; `2p2`b2 b?Q+F bi`2M;i? H2/b iQ /BbbQ+BiBQM M/ `Bb2b i?2 Qp2`HH HBM2
`iBQ- r?2`2b i?2 rBM/Ƕb 2HHBTiB+Biv HQr2`b i?2 1→ 0 S(1) M/ 2→ 1 S(1) HBM2b M/ `Bb2b i?2
Qp2`HH HBM2 `iBQ BM i?2 HQr bT22/ ~Qrb- #mi i?2 H2 2t+BiiBQM `2KBMb +QMbiMi BM i?2 ?B;?@
bT22/ 2HHBTiB+H rBM/ bBM+2 i?2 KDQ` HQ+iBQM Q7 pB#iBQMHHv@2t+Bi2/ ;b ;`/mHHv KQp2b +`Qbb
i?2 bm`7+2 rBi? iBK2X
JQ/2H k UJqV rBi? i?2 KQH2+mH` rBM/ /BbTHvb KQ`2 iBK2@/2T2M/2Mi 2KBbbBQM- Q#iBMBM;
HQr2` ~mt i i?2 #Qr b?Q+F #mi KQ`2 +QKT+i Qp2`HH ~mt /2MbBiv +QKT`2/ iQ JR UJqJV
bm;;2biBM; i?i Jk Bb Qp2`HH KQ`2 /BbbQ+BiBp2X So /B;`Kb b?Qr i?i i?2 b?Q+F 7`QMi #2+QK2b
KQ`2 #HmMi BM i?2 bT?2`B+H rBM/ +b2- #mi bi`2i+?2b Qmi rBi? BM+`2bBM; 2HHBTiB+Biv #2+QKBM;
bBKBH` iQ JR  JjX JQ/2H j UqJV- rBi?  KQH2+mH` K#B2Mi K2/BmK- /BbTHvb i?2 KQbi
iBK2@/2T2M/2Mi BMi2;`i2/ 2KBbbBQMX h?2 2KBbbBQM 7HHb Qz [mBi2 `TB/Hv BM i?2 Hii2` bi;2bX
h?Bb Bb `2Hi2/ iQ i?2 /BKBMBb?BM; bT22/ Q7 i?2 7Q`r`/ b?Q+F 7`QMiX i i?2 bK2 iBK2- i?2
pB#`iBQMH 2t+BiiBQM `2KBMb `2HiBp2Hv ?B;? +QMbBbi2Mi rBi? i?2 pB#`iBQMH i2KT2`im`2 Q7 i?2
>2 #2BM; }t2/ #v i?2 +QHH2+iBQM Q7 b?Q+F bi`2M;i?b rBi?BM i?2 /Bb`mTi2/ b?2HHX
oB#`iBQMH 2t+BiiBQM `2KBMb [mBi2 +QMbiMi +`Qbb i?2 HQ#2b M/ HbQ BM iBK2 /m2 iQ i?2
T`2b2M+2 Q7  7mHH im`#mH2Mi bT2+i`mK Q7 b?Q+F bT22/b `i?2` i?M  bBM;H2 b?Q+F bm`7+2X h?Bb
Kv ?2HT 2tTHBM i?2 2MB;KiB+ #b2M+2 Q7 ?B;?@2t+BiiBQM >2 r?2`2 2tTMbBQM bT22/b `2 i?Qm;?i
iQ #2 ?B;?2biX
q2 ?p2 TTHB2/  ?v/`Q/vMKB+ +Q/2 i?i BM+Hm/2b KQH2+mH` /BbbQ+BiBQM M/ `27Q`KiBQM
#2bB/2b KQH2+mH` M/ iQKB+ +QQHBM; iQ bim/v T`QiQTHM2i`v M2#mH2X AM i?Bb rQ`F- r2 2tKBM2/
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iQKB+ 2KBbbBQM HBM2 i`+2`b HQ+i2/ BM i?2 QTiB+H M/ M2`@BM7``2/ #M/bX h?Bb bmTTH2K2Mib
i?2 KQH2+mH` ?v/`Q;2M MHvbBb Q7 LQpBFQp  aKBi? UkyR3VX q2 /Q MQi BM+Hm/2 i?2 2z2+ib Q7
`/BiBQM 7`QK i?2 +2Mi`H bi`- i?2 2KBbbBQM Bb BM/m+2/ 7i2` b?Q+F 2t+BiiBQMX
h?2b2 bBKmHiBQMb T`QpB/2 i?2 THi7Q`K 7Q` KQ`2 +QKTH2t /vMKB+H +QM};m`iBQMb Q7 i?2 ;HQ#H
~QrX h?2`2 `2 irQ KDQ` 2ti`2K2 KQ/2Hb +QMbB/2`2/ BM i?2 HBi2`im`2X 6B`biHv- r2 +M 2MpBb;2
i?i i?2 rBM/ bT22/ TB+Fb mT #`mTiHv- 7`QK  bHQr rBM/ iQ 7bi rBM/ UErQF 2i HX RNd3V-
;2M2`iBM;  7bi 2tTM/BM; BMM2` b2+QM/`v b?2HH- r?B+? 2p2MimHHv ?Bib i?2 Qmi2` 7`;K2Mi2/
b?2HHX a2+QM/Hv- i?2 rBM/ +QmH/ brBi+? Qz +QKTH2i2Hv bQ i?i i?2`2 Bb MQ 7m`i?2` `K T`2bbm`2
bmTTQ`i iQ /`Bp2 i?2 b?2HH U:`+ő@a2;m` 2i HX kyyeVX AM i?Bb +b2- i?2 rBM/ +pBiv Bb +QMbB/2`2/
iQ #2  ?Qi #m##H2 M/ i?2 /2T`2bbm`Bb2/ b?2HH 2tTM/b #+F BMiQ +pBiv +mbBM; M BMi`B+i2
7`;K2Mi2/ bi`m+im`2 UJM+?/Q 2i HX kyR8VX "Qi? Q7 i?2b2 +b2b b?QmH/ #2 2tTHQ`2/ rBi? 
KQH2+mH` +Q/2 BM i?2 7mim`2X
h?2 2HHBTbQB/H rBM/b BMiQ mMB7Q`K K2/B BMp2biB;i2/ ?2`2 T`Q/m+2 ;BMi #Qr@b?T2/ #BTQH`
M2#mHX AM //BiBQM- ?B;?Hv 2HHBTbQB/H rBM/b ;2M2`i2 2KBbbBQM@HBM2 bi`m+im`2b i?i `2b2K#H2
#mHH2ibX h?Bb Bb #2+mb2 i?2 HQr bT22/ Q7 i?2 Hi2`H b?Q+F /Q2b MQi BQMBb2 i?2 ;bX h?2`27Q`2-
r2 /Q MQi ;2M2`i2 i?2 2HQM;i2/ 2HHBTb2b Q7i2M 7QmM/ b  +Hbb Q7 THM2i`v M2#mHX h?Bb Bb
2tT2+i2/ bBM+2 bm+? M2#mH- r?BH2 T?vbB+HHv +`2i2/ #v rBM/b- `2 i?2M BQMBb2/ #v mHi`pBQH2i
`/BiBQM 7`QK i?2 +2Mi`H bi`X lM7Q`imMi2Hv- TSL `2 [mBi2 /22THv 2K#2//2/ M/ QTiB+H
BK;2b `2KBM ``2X >Qr2p2`- r2 /Q }M/ i?i i?2 Hi2` TSL U2`Hv /2p2HQTK2Mi Q7 i?2 SLV
T?b2 +M #2 BMi2`T`2i2/ ?2`2 2bT2+BHHv rBi? TQbBiBQM@p2HQ+Biv /B;`KbX
q2 }M/ i?i i?2 bBKmHiBQMb rBi?  KQH2+mH` +QKTQM2Mi H2/b iQ HQr2` iQKB+ 2t+BiiBQM- r2F2`
T2Fb M/ BMi2;`i2/ iQKB+ 2KBbbBQM b i?2 TSL ;`QrbX h?Bb Bb /m2 iQ i?2 b?2HH 7`;K2MiiBQM
BM i?2 KQH2+mH` +b2b r?2`2 i?2 b?Q+F bm`7+2 `2 Bb BM+`2b2/ M/ Q#HB[m2 b?Q+Fb `2 T`2pH2MiX
SQbBiBQM@p2HQ+Biv /B;`Kb 7Q` i?2 iQKB+ HBM2b BM/B+i2 i?i i?2 iQKB+@rBM/ KQ/2H Kv #2 KQbi
2bv iQ /BbiBM;mBb? rBi? KQ`2 2KBbbBQM i ?B;?2` `/BH p2HQ+BiB2bX
qBM/b M/ D2ib ?p2 #22M +QMbB/2`2/ b i?2 /`Bp2`b #2?BM/ T`QiQbi2HH` Qmi~Qr- #BTQH` M2#mH2
M/ >2`#B;@>`Q ~QrbX h?2 w1la j. KQ/B}+iBQM mb2/ ?2`2 rb T`2pBQmbHv 2KTHQv2/ BM 
bBKBH` 7b?BQM iQ BMp2biB;i2 iQKB+ M/ KQH2+mH` D2ib BMiQ KQH2+mH` 2MpB`QMK2Mib 2X;X _Qb2M
 aKBi? Ukyy9#V M/ aKBi?  _Qb2M UkyydVX AM i?2 rQ`F +Bi2/ #Qp2- Bi rb 7QmM/ i?i i?2 D2i@
K#B2Mi BKT+i `2;BQM bTHBib mT BMiQ T`Qi`mbBQMb- +`2iBM; bKHH #mHH2ib rBi? H2/BM; KBMB@#Qrb
BM i?`22 /BK2MbBQMbX h?2 /Bz2`2M+2 #2ir22M  rBM/ M/ D2i Bb b 2tT2+i2/- rBi? i?2 D2i BKT+i
Rd3 3XkX ALh1_*hAL: qAL.a
`2;BQM MQi 2ti2M/BM; BMiQ i?2 ~MFbX SQbBiBQM@p2HQ+Biv /B;`Kb 7Q` D2i@/`Bp2M ~Qrb HbQ b?Qr
 /Bz2`2Mi KQ`T?QHQ;v rBi?  /BbiBM+i 2/;2 Q7 #`Q/ `/BH p2HQ+Biv 7QHHQr2/ #v  i`BH i HQr
`/BH bT22/ UaKBi? 2i HX kyR9VX h?Bb Bb BM bi`F +QMi`bi iQ i?2 `+ bi`m+im`2b r?B+? +Q``2bTQM/
iQ rBM/@/`Bp2M ~QrbX h?2 `+b `2 +mb2/ #v i?2 /B`2+i rBM/ BKT+i BMiQ i?2 ~MFbX
q2 +QM+Hm/2 i?i i?2 mMbi#H2 BMi2`7+2 +M #2 T`Q/m+2/ MQi QMHv #v rBM/@rBM/ KQ/2Hb #mi
HbQ #v rBM/@mMB7Q`K AaJ BMi2`+iBQM rBi? 7Q`KiBQM Q7 +HmKTb M/ }HK2MibX h?2 bm#b2[m2Mi
BM+HmbBQM Q7 :Aaq KQ/2H M/ +QKT`BbQM rBi? `2bmHiBM; KQ`T?QHQ;B2b M/ 2KBbbBQM rBi? `2bmHib
7`QK LQpBFQp  aKBi? UkyR3V M/ bm#b2[m2Mi ST2` AA LQpBFQp  aKBi? UkyRNV rQmH/ ?2HT
i`+2 i?2 /Bz2`2M+2b BM FBM2KiB+ /Bbi`B#miBQM Q7 Ki2`BH M/ ~mt /2MbBiB2bX
q2 ?p2 i?mb KQ/2HH2/ i?2 BMBiBH b2i@mT Q7 TQbi@:" 2MpB`QMK2Mib i?i 2M#H2 mb iQ ;2M2`i2
 b2i Q7 bT2+i`Qb+QTB+ KTb i?i /2b+`B#2 TSL 2KBbbBQM 72im`2bX q2 +M BMp2biB;i2 7m`i?2` #v
i?2 //BiBQM Q7 T?vbB+b KQ/mH2b iQ TT`QtBKi2 rBM/ BMiQ rBM/ BMi2`+iBQM- BX2 i?2 :Aaq KQ/2H-
BM jĜ. bT+2 7Q` #Qi? E@#M/ M/ QTiB+H rp2H2M;i?b BM Q`/2` iQ Q#iBM ?B;?2` `2bQHmiBQM Q7
KQH2+mH` T`Qi`mbBQMb M/ iQKB+ im`#mH2Mi b?2HHbX h?Bb b?QmH/ #2 7QHHQr2/ #v i?2 BM+HmbBQM Q7
7`Qx2M@BM K;M2iB+ }2H/b b r2HH b }2H/ /BzmbBQM r?B+? Kv HBKBi b?2HH +QKT`2bbBQM M/ b?Q+F
2t+BiiBQM- `2bT2+iBp2HvX
3Xk AMi2`+iBM; rBM/b
Pm` }MH BK Bb iQ `2T`Q/m+2 i?2 KQbi `2HBbiB+ TSL 2MpB`QMK2Mi #v BMi`Q/m+BM; :2M2`HBx2/
AMi2`+iBM; ai2HH` qBM/b U:AaqV KQ/2H rBi? i?2 //BiBQM Q7 M 2`HB2` :" bHQr rBM/X 6m`i?2`
b?TBM; +M #2 /QM2 rBi? T`2+2bbBM; D2i M/ TmHbiBQMb rBi? i?`22@/BK2MbBQMH ?v/`Q/vMKB+H
bBKmHiBQMbX h?2 b?Q+F bi`m+im`2 +M HbQ #2 Hi2`2/ rBi? i?2 //BiBQM Q7 K;M2iB+ }2H/b BMi`Q@
/m+BM;  ǵ*@b?Q+FǶ 2MpB`QMK2Mi rBi? HQr2` b?Q+F p2HQ+BiB2b M/ H2 2t+BiiBQMX h?2 M2ti bi2T
iQ mM/2`iF2 rBHH #2 iQ `2TH+2 i?2 biiBQM`v K#B2Mi K2/BmK rBi?  rBM/X M BM+HmbBQM Q7 
b2+QM/- /2Mb2- bHQr Qmi~Qr rBHH 2M#H2  bvbi2KiB+ bim/v M/ `2p2H  p`B2iv Q7 ~Qr Tii2`Mb
`2bmHiBM; 7`QK i?2 irQ rBM/b BMi2`+iBQMX b  `2bmHi Bi rBHH `2p2H  +QHH2+iBQM Q` 2KBbbBQM-
`2bmHi2/ BM T`Q+2bb Q7 +QHHB/BM; rBM/b M/ `mM +QKT`BbQM /B;MQbiB+b rBi? +m``2Mi Q#b2`piBQMbX
h?2 TQbi@:" rBM/ rBHH #2 BMi`Q/m+2/ rBi? M BMTmi i2KT2`im`2 Q7 500K- r?B+? HHQ+i2b i?2
BMM2` `2;BQM Q7 i?2 2Mp2HQT2 U>m`i2@1bTBMQb 2i HX kyRkVX M BM+HmbBQM Q7 Qmi~Qr T`2+2bbBQM
M/  i?2`KH ;`/B2Mi #v b2iiBM;  +QH/2`- Qmi2` 2Mp2HQT2 i2KT2`im`2b rBHH `2bQHp2 BM  KQ`2 `2@
HBbiB+ b2i@mTX b  +QMb2[m2M+2- i?2 `2bmHiMi 2KBbbBQM rBHH #2 Hi2`2/ #v i?2 2ti` i2KT2`im`2
/2T2M/2M+2X
RdN 3XjX J:L1hP>u._P.uLJA* ahl.u
MQi?2` BMi2`2biBM; 72im`2 iQ bim/v Bb BM+HmbBQM Q7 `2bbQ+BiBQM +Q2{+B2Mi iQ HHQr 7Q` KQH2+mH`
`27Q`KiBQMX 6QHHQrBM; i?2 `2b2`+? Q7 amiiM2` 2i HX URNNdV- r2 ?p2 /QTi2/ i?2 i2KT2`im`2
/2T2M/2Mi `2bbQ+BiBQM +Q2{+B2Mi kR M/ TT`QtBKi2/ Bi iQ #2 Q7 Q`/2` kR ∼ 10−17 cm3 s−1-
?2M+2 i?2 `2H2pMi `2bbQ+BiBQM iBK2 #2+QK2b tR ∼ (1/kR n) rBi? n ∼ 105 cm−3- tR #2+QK2b 72r
∼ U1012 b2+QM/bV Q` 104 v` r?B+? 7HHb rBi?BM Qm` bBKmHiBQM iBK2 Q7 102 ∼ 104 v`X h?Bb M2rHv
7Q`K2/ H2 Kv #2 bm#D2+i2/ iQ lo ~mQ`2b+2M+2 i i?2 2M/ Q7 TSL bi;2 M/ #2;BMMBM; Q7 SL2
/m2 iQ tppn ∼ tRX AM im`M i?Bb +M HbQ ?2HT /2i2`KBM2 r?v i?2`2 Bb  H`;2` 7`+iBQM Q7 SL2
#2`BM; H2 +QKT`2/ iQ TSL #v //BM; `2bbQ+BiBQM +?2KBbi`v i2`K BM bBKmHiBQMb M/ //BM;
 Hi2` SL bi;2 iQ bm#D2+i i?2 +QKTmii2/ KQ/2Hb iQ //BiBQMH T?vbB+b KQ/mH2b bm+? b lo
~mQ`2b+2M+2 iQ #2 #H2 iQ +QKT`2 i?2 `2bmHiMi HmKBMQbBiB2b T`Q/m+2/ i b?Q+F BM/m+2/ H2
i`MbBiBQMb BM TSL M/ H2 lo ~mQ`2b+2M+2 i Hi2` SL bi;2X Pm` b2i mT rBHH HbQ 2M#H2 iQ
T`2/B+i i?2 HmKBMQbBiv /Bz2`2M+2b #b2/ QM rBM/fK#B2Mi +QKTQbBiBQMb iQ 7m`i?2` +QMbi`BM i?2
% /Bz2`2M+2 BM TSLfSL2 H2 #2`BM; 2KBii2`bX
3Xj J;M2iQ?v/`Q/vMKB+ bim/v
PM2 Q7 i?2 T`QKBbBM; ;QHb 7Q` 7mim`2 `2b2`+? rQmH/ #2 M BM+HmbBQM Q7 *@#Qr b?Q+F- r?B+? Bb 
`2bmHi Q7 C@ivT2 #Qr r?2`2 H2 mM/2`;Q2b /BbbQ+BiBQM im`MBM; BMiQ iQKB+ ;b- r?B+? 2p2MimHHv
#2+QK2b BQMBb2/ `2bmHiBM; BM QTiB+H HBM2 T`Q/m+iBQM +QmTH2/ rBi? *@ivT2 rBM;b Q7 HQr2` /2MbBiv
M/ b?Q+F p2HQ+Biv 7QHHQr2/ #v H2 2t+BiiBQM rBi? MQ /BbbQ+BiBQM M/ bm#b2[m2Mi M2`@BM7``2/
2KBbbBQMX w1la@JS rBHH 2M#H2 j. K;M2iQ?v/`Q/vMKB+ bBKmHiBQMb BKTH2K2MiiBQM rBi?
;2M2`iBQM Q7 iQ`QB/H- TQHQB/H M/ K#B2Mi K;M2iB+ }2H/bX ai`QM; iQ`QB/H }2H/ ;2M2`i2b
//BiBQMH ++2H2`iBQM b  `2bmHi Q7 ?B;? `iBQ Q7 K;M2iB+ iQ i?2`KH T`2bbm`2 H2/BM; iQ  KQ`2
b?`T2M2/ +QM2 bi`m+im`2X PM i?2 Qi?2` ?M/- TQHQB/H }2H/ +QKTQM2Mi +mb2b M 2tTMbBQM Q7
i?2 Qmi~Qr #2K UJQ`;?M kyy3VX
h?2 /2p2HQTBM; BKT`Qp2K2Mib BM +QKTmi2`b M/ MmK2`B+H K2i?Q/b +QmTH2/ rBi? /pM+2K2Mib
BM KQ/2`M i2H2b+QT2b 2M#H2 `2b2`+?2`b iQ BKT`Qp2 mM/2`biM/BM; Q7 bi` 7Q`KiBQM M/ 2pQHm@
iBQMX h?2b2 `TB/ /pM+2K2Mib `2 KFBM; Bi HBF2Hv iQ /Bb+Qp2` M/ bQHp2 QH/ M/ `2+2Mi TmxxH2b
BM i?2 }2H/ Q7 bi`QT?vbB+b- bi`QMQKv  *QbKQHQ;vX PM2 Q7 i?2 KQbi +?HH2M;BM; M/ `2+2Mi
#`M+?2b Q7 BMp2biB;iBQM mM7QH/BM; 7Q` 7m`i?2` MHvbBb Bb MmK2`B+H bBKmHiBQMb Q7 S`QiQTHM2@
i`v M2#mHbX h?2 /Bb+mbbBQM BM i?Bb `2b2`+? ?b ?2HT2/ iQ +H2` bQK2 Q7 i?2 [m2biBQMb +QM+2`MBM;




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































h?2 /2b+`BTiBQM Q7 bm#@7mM+iBQMb Bb bmKK`Bb2/ #v aKBi?  _Qb2M UkyyjV M/ Bb HBbi2/ #2HQr,
Ĝ Λ1, ;bĜ;`BM U/mbiV +QQHBM;-
Λ1 = n
2 × λ1 U3XRV
*Q2{+B2Mi λ1 `2T`2b2Mib biM/`/ /mbi T`QT2`iB2b- BX2 +QQHBM; `i2b 7i2` TbbBM; b?Q+F 7`QMi
rBi? Tdust = 20K i?2`27Q`2 bbmKBM; +QH/ KQH2+mH` K2/BmK rBi? `TB/ /mbi +QQHBM;- DmbiB}2/
#v Uq?BirQ`i?  *H`F2 RNNdVX
λ1 = 3.8× 10−33T1/2(T− Tdust)× [1.0− 0.8 exp(−75/T)] erg s−1cm3. U3XkV
Ĝ Λ2, +QHHBbBQMH +QQHBM;-
bbQ+Bi2/ rBi? pB#`iBQMH M/ `QiiBQMH KQ/2b BM KQH2+mH` ?v/`Q;2M- #b2/ QM 2[miBQMb














r?2`2 i?2 pB#`iBQMH +QQHBM; +Q2{+B2Mib Q7 ?B;? M/ HQr /2MbBiv `2
LHv = 1.10× 10−18exp(−6744/T) erg s−1, U3X9V
LLv = 8.18× 10−13 exp(−6840/T)× [nH2kH(0, 1) + nH2kH2(0, 1)] erg s−1, U3X8V
R3k
R3j 3XjX J:L1hP>u._P.uLJA* ahl.u
*QHHBbBQMH 2t+BiiBQM `i2b `2 `2T`2b2Mi2/ #v i?2 i2`Kb kH(0, 1) M/ kH2(0, 1) rBi? ∆v = 1− 0X
h?2 2tTQM2MiBH i2`K exp(−6840/T ) +QMp2`ib i?2b2 iQ /2@2t+BiiBQM `i2b,
kH(0, 1) =

1.4× 10−13 exp[(T/125)− (T/577)2], T < Tv
1.0× 10−12T 1/2 exp(−1000/T ), T > Tv.
U3XeV
r?2`2 i?2 HBKBi Tv = 1635K- M/
kH2(0, 1) = 1.45× 10−12T 1/2 exp[−28728/(T + 1190)]. U3XdV
h?2 `QiiBQMH +QQHBM; `i2 +Q2{+B2Mi i ?B;? /2MbBiv Bb
LrH =

dex[−19.24 + 0.474x− 1.247x2], T < Tr
3.90× 10−19 exp(−6118/T ), T > Tr,
U3X3V





dex[−22.90− 0.553x− 1.148x2], T < Tl
1.38× 10−22 exp(−9243/T ), T > Tl,
U3XNV







Ĝ Λ3, iQKB+ +QQHBM;-
Λ3 = n
2
H × λ2 + 1.42× 10−27(
√
T ) U3XRRV
qBi? M //BiBQMH i?2`KH "`2Kbbi`?HmM; i2`K 1.42× 10−27(√T UrBi? 624yX8V i#mHi2/ BM
h#H2 Ry Q7 ami?2`HM/  .QTBi URNNjV //2/ iQ λ2X h?2 //2/ i2`K Bb +iBp2 7Q` i2KT2`im`2b
#Qp2 T > 10000K
Ĝ Λ4, +QQHBM; i?`Qm;? `QiiBQMH KQ/2b Q7 ri2`
Λ4 = (nH2 + 1.39nH)× nH2O × λ3 U3XRkV






rBi? α = 1.35− 0.3log(T/1000) r?B+? }ib i?2 /i #v L2m72H/  Em7KM URNNjVX
R39 3XjX J:L1hP>u._P.uLJA* ahl.u
Ĝ Λ5, +QQHBM; pB ri2` pB#`iBQMH KQ/2b BM +QHHBbBQM rBi? H2 M/ >X









"b2/ QM >QHH2M#+?  J+E22 URN3NVX
Ĝ Λ6, +QQHBM; KQ/2b Q7 ri2` i?`Qm;? +QHHBbBQM rBi? iQKB+ ?v/`Q;2MX









;BM #b2/ QM >QHH2M#+?  J+E22 URN3NVX
Ĝ Λ7, +QQHBM; 7`QK i?2 /BbbQ+BiBQM Q7 KQH2+mH` ?v/`Q;2M 7QHHQrb a?TB`Q  EM; URN3dVX
Λ7 = 7.18× 10−12((n2H)(kD,H2 + (nH)(nH2(kD,H)). U3XReV
h?2 }`bi i2`K 7.18× 10−12 Bb i?2 4.48eV /BbbQ+BiBQM 2M2`;v Q7 H2-
kD,H = 1.2× 10−9 exp(−52400/T)× [0.0933 exp(17950/T)]β cm3 s−1. U3XRdV
kD,H2 = 1.3× 10−9 exp(−53300/T)× [0.0908 exp(16200/T)]β cm3 s−1. U3XR3V

















h?2 7QHHQrBM; irQ TT`QtBKiBQMb `2T`2b2Mi +`BiB+H /2MbBiB2b 7Q` /BbbQ+BiBQM #v +QHHBbBQMb Q7
KQH2+mH` ?v/`Q;2M rBi? iQKB+ ?v/`Q;2M- n1- M/ rBi? Bib2H7- n2X
n1 = dex(4.0− 0.416x− 0.327x2) cm3 U3XkyV
n2 = dex(4.8451.3x + 1.62x2) cm3. U3XkRV
Ĝ Λ8, ?2iBM; 7`QK ?v/`Q;2M `27Q`KiBQM Bb BM+Hm/2/ b MQi?2` +QQHBM; i2`K >QHH2M#+? 
J+E22 URNdNV,
Λ8 = −λ7ξ U3XkkV
ξ = nnH(1− β)7.18× 10−12 U3XkjV
R38 3XjX J:L1hP>u._P.uLJA* ahl.u
MQi?2` +Q2{+B2Mi λ7 Bb /2}M2/ b





T+ Tg + 210−3T+ 860−6T2
U3Xk9V
M/ fa Bb /2}M2/ b
fa = [1 + 10.000 exp(−600/Tg)]−1 U3Xk8V
Ĝ Λ9, +QQHBM; pB CO `QiiBQMH KQ/2b h?`Qm;? +QHHBbBQMb rBi? KQH2+mH` Q` iQKB+ ?v/`Q;2M
b /2b+`B#2/ #v 2[miBQMb (5.2)(5.5) BM J+E22 2i HX URN3kVX
Λ9 = nCOn
kTσvT
1 + na/ncr + 1.5(na/ncr)1/2
, U3XkeV
r?2`2 i?2 K2M bT22/ Q7 i?2 KQH2+mH2b vT =
√
8kT/pimH2 rBi?
ncr = 3.3× 106T0.753 cm−3 U3XkdV
σ = 3.0× 10−16T−1/43 cm−2T3 = T/1000K U3Xk3V
rBi? p2`;2 /2MbBiv- na
na = 0.5(nH +
√
2nH2). U3XkNV
Ĝ Λ10, CO pB#`iBQMH +QQHBM; 7`QK +QHHBbBQMb rBi? H2- b mb2/ #v L2m72H/  Em7KM URNNjVX








Ĝ Λ11, CO pB#`iBQMH +QQHBM; i?`Qm;? +QHHBbBQMb rBi? iQKB+ ?v/`Q;2M
Λ11 = 1.28× 10−24nH2nCOT1/2 exp(3080/T) exp (−(2000/T)3.43), U3XjRV
Ĝ Λ12, Ptv;2M +QQHBM; i?`Qm;? i?2 63µm }M2 bi`m+im`2 HBM2
Λ12 = 2.28× 10−18nCO 1
1/fH +A10/rL
, U3XjkV
r?2`2 A10 = 8.95× 10−5 Bb i?2 bTQMiM2Qmb i`MbBiBQM `i2
fH =
0.6 exp(−228/T )
1 + 0.6 exp(−228/T ) + 0.2 exp(−326/T ) U3XjjV
r?2`2 rl = rH + rH2 `2 +QHHBbBQM `i2b Q7 iQKB+ M/ KQH2+mH` ?v/`Q;2M-
rH = 4.37× 10−12T 0.660.6 exp(−228
T
)+ 1.06× 10−12T 0.80.2 exp(−326
T
)× (nH +0.48nH) U3Xj9V
R3e 3XjX J:L1hP>u._P.uLJA* ahl.u
rH = 2.88× 10−11T 0.350.6 exp(−228
T
) + 6.68× 10−11T 0.310.2 exp(−326
T
)× (nH2) U3Xj8V
Ĝ Λ13, OH +QQHBM; >QHH2M#+?  J+E22 URN3NVX
Λ13 = 2.84× 10−28n2T 32 U3XjeV
TT2M/Bt *
3XjXR *QMb2`piBQM Q7 Kbb
h?2 +QMb2`piBQM Q7 Kbb HbQ FMQrM b i?2 +QMiBMmBiv 2[miBQM- Bb /2`Bp2/ BM i?2 7QHHQrBM; rv,
i?2 +QKTmiiBQMH /QKBM Bb /BpB/2/ BMiQ M ``v Q7 ;`B/ xQM2bX AM j. bT+2- i?2 ;`B/ xQM2b `2
+QMbB/2`2/ iQ Q#iBM M BM}MBi2bBKHHv bKHH +m#B+ pQHmK2X h?2 Kbb BM~Qr T`QT;iBM; 7`QK
H27i iQ `B;?i i?`Qm;? bm`7+2 `2 dydz Bb
dmx/dt = (ρux)dydz, U3XjdV
rBi? ρ #2BM; i?2 /2MbBiv Q7 i?2 ~mB/ M/ ux Bb i?2 +QKTQM2Mi Q7 i?2 ~mB/Ƕb p2HQ+Biv BM i?2
x@/B`2+iBQMX h?2 ~mB/ KQp2b  /BbiM+2 dx- i?2 iQiH Kbb ~Qr `i2 Qmi Q7 i?2 `B;?i@?M/ 7+2 Bb






rBi? ∂(ρu)∂x BM/B+iBM; i?2 +?M;2 BM Kbb ~mt #2ir22M H27i M/ `B;?i 7+2b Q7 i?2 +QKTmiiBQMH






dydz − (ρux)dydz = 0
∂(ρux)
∂x
dydz = 0 U3XjNV
"v bBKBH`Biv- i?2 Kbb ~Qr `i2 BM i?2 y /B`2+iBQM i?`Qm;? dxdz
∂(ρuy)
∂x
dxdz = 0 U3X9yV
h?2 M2i ~Qr BM i?2 z /B`2+iBQM i?`Qm;? dxdy
∂(ρuz)
∂x
dxdy = 0, U3X9RV
R3d
R33 3XjX J:L1hP>u._P.uLJA* ahl.u
ux, uy, uz `2 x, y M/ z +QKTQM2Mib Q7 ~mB/Ƕb p2HQ+BivX h?2 bmK Q7 HH i?`22 p2HQ+Biv +QMi`B#miBQMb
















Jbb bivb +QMb2`p2/- ?2M+2 i?2 iQiH Kbb Qmi~Qr BM i?2 pQHmK2 Bb 2[mH iQ i?2 `i2 Q7 /2+`2b2





























h?2 #Qp2 2[miBQM +M #2 bBKTHB}2/ 7m`i?2` #v BMi`Q/m+BM; ∇ · u˜- r?2`2 u˜ Bb i?2 +QKTH2i2
p2HQ+Biv p2+iQ` BM i?`22 /BK2MbBQMb M/ ∇ = i ∂∂x + j ∂∂y + k ∂∂z Bb i?2 ;`/ QT2`iQ`X













+∇ · (ρ2u) = 0 U3X9dV
R3N 3XjX J:L1hP>u._P.uLJA* ahl.u
"v mbBM; i?2 p2+iQ` B/2MiBiv dX9N- i?2 MQM@+QMb2`piBp2- G;`M;BM 7Q`K Q7 i?2 #Qp2 1[miBQM
dX9d +M #2 r`Bii2M b
∂ρ
∂t
+ (ρ∇ · 2u) + (2u ·∇ρ) = 0
∂ρ
∂t
+ (2u ·∇ρ) + (ρ∇ · 2u) = 0 U3X93V
o2+iQ` B/2MiBiv
∇ · (ρ2u) = (ρ∇ · 2u) + (2u ·∇ρ) U3X9NV






+ (2u ·∇) U3X8yV
>2M+2 i?2 MQM@+QMb2`piBp2 7Q`K Q7 i?2 +QMiBMmBiv 2[miBQM Bb
Dρ
Dt
= ρ∇ · 2u = 0 U3X8RV
 KQ/2H Q7 M BM}MBi2bBKH ~mB/ 2H2K2Mi Bb +?Qb2M iQ #2 KQpBM; rBi? i?2 ~Qr- i?2`27Q`2 Q#iBMBM;
 MQM@+QMb2`piBp2 7Q`K Q7 i?2 2[miBQMX
3XjXk *QMb2`piBQM Q7 KQK2MimK
6QHHQrBM; i?2 bK2 HQ;B+ M/ TTHvBM; L2riQMǶb kM/ Hr 7Q` BM}MBi2bBKHHv bKHH +m#B+ pQHmK2
vB2H/b i?2 KQK2MimK 2[miBQM BM +QMb2`piBQM 7Q`KX ai`iBM; rBi? i?2 Kbb Q7 i?2 +m#B+ pQHmK2-
m = (ρ)dxdydz U3X8kV





RNy 3XjX J:L1hP>u._P.uLJA* ahl.u
*QK#BMBM; i?2 #Qp2 irQ 2[miBQMb ;Bp2b i?2 2tT`2bbBQM 7Q` i?2 7Q`+2 +iBM; QM i?2 BM}MBi2bBKHHv





6`QK MQr QM r2 `2 mbBM; irQ bbmKTiBQMb- i?2 7Q`+2b Q7 ;`pBiv `2 B;MQ`2/- M/ i?2 ~Qr
Bb BMpBb+B/- K2MBM; i?2`2 `2 MQ pBb+Qmb 7Q`+2b BM/m+BM; bi`BM M/ bi`2bb QM i?2 ~mB/X h?2
2pHmi2/ T`K2i2` Bb i?2 BM/m+2/ T`2bbm`2- +iBM; QM i?2 7+2b Q7 i?2 +m#2 BM i?`22 /BK2MbBQMbX
b b22M 7`QK i?2 /B;`K- T`2bbm`2 p +iBM; HQM; i?2 dydz M/ T`2bbm`2 (p + ∂p∂x ) +iBM; HQM;













dxdydz = 0 U3X88V
























h?2 pQHmK2 +QKTQM2Mib +M+2H QM #Qi? bB/2b- bm#biBimiBM; i?2 ∇ QT2`iQ` 7Q` bBKTHB+Biv- r2





h?2 p2+iQ` B/2MiBiv M/ i?2 /2`BpiBp2 +M #2 mb2/ 7Q` +QMiBMmBiv M/ KQK2MimK 2[miBQMb iQ
+?M;2 i?2B` Mim`2 7`QK +QMb2`piBp2 iQ MQM@+QMb2`piBp2 7Q`KX







+ ρ2u ·∇2u U3X83V


















lbBM; T`iBH /2`BpiBp2 `2HiBQMb iQ 2tTM/ i?2 b2+QM/ i2`K QM i?2 `B;?i Q7 1[miBQM dX83 vB2H/b
RNR 3XjX J:L1hP>u._P.uLJA* ahl.u
i?2 T`Q/m+i Q7  b+H` iBK2b  p2+iQ`
∇ · (ρu2u) = u∇ · (ρ2u) + (ρ2u) ·∇u
ρ2u ·∇u = ∇ · (ρu2u)− u∇ · (ρ2u) U3XeyV


















+∇ · (ρu2u) U3XeRV
h?2 #`+F2i2/ i2`K QM i?2 `B;?i bB/2 Q7 i?2 1[miBQM dXeR- Bb i?2 +QMiBMmBiv 1[miBQM dX9d M/







+∇ · (ρu2u) U3XekV
3XjXj *QMb2`piBQM Q7 2M2`;v
h?2 }`bi Hr Q7 i?2`KQ/vMKB+b Bb TTHB2/ iQ i?2 KQpBM; ~mB/ Q7  +m#B+ pQHmK2X h?2 `2bmHiMi
KQiBQM Q7 KQH2+mH2b M/ iQKb rBi?BM i?2 ~mB/ 2H2K2Mi Bb  K+`Qb+QTB+ [mMiBiv e- `2T`2b2MiBM;
i?2 BMi2`MH 2M2`;vX h?2 `i2 Q7 +?M;2 Q7 BMi2`MH 2M2`;v BMbB/2  pQHmK2 Bb 2tT`2bb2/ BM i2`Kb




w1la@j. +QMbB/2`b i?2 rQ`F /QM2 #v 2ti2`MH T`2bbm`2b +iBM; QM i?2 bm`7+2b Q7 i?2 +m#2X
aTHBiiBM; i?2 rQ`F /QM2 BMiQ i?`22 bTiBH +QKTQM2Mib- M/ bi`iBM; rBi? x /B`2+iBQM /BbTHv2/









dydz = 0 U3Xe9V
RNk 3XjX J:L1hP>u._P.uLJA* ahl.u
∂(up)
∂x
dxdydz = 0 U3Xe8V













AM+Hm/BM; i?2 p2+iQ` QT2`iQ` bBKTHB}2b i?2 #Qp2 2tT`2bbBQM iQ
−p∇ · udxdydz U3XedV
h?2 `i2 rQ`F /QM2 QM i?2 2H2K2Mi /m2 iQ #Q/v M/ bm`7+2 7Q`+2b Bb 2[mH iQ i?2 +?M;2 BM





e = −p∇ · u U3Xe3V
h?2 +QMb2`piBp2 7Q`K Bb Q#iBM2/ #v i?2 bK2 K2i?Q/ b BM i?2 KQK2MimK 2[miBQMX _2`@







+ ρ2u ·∇e U3XeNV










h?2 b2+QM/ i2`K QM i?2 `B;?i Q7 1[miBQM dXeN Bb KQ/B}2/ pB i?2 7QHHQrBM; p2+iQ` B/2MiBiv
∇ · (ρe2u) = e∇ · (ρ2u) + ρ2u ·∇e, U3XdRV
`2``M;BM; i?2 #Qp2 2tT`2bbBQM vB2H/b-
ρ2u ·∇e = ∇ · (ρe2u)− e∇ · (ρ2u) U3XdkV



























+∇ · (ρe2u) U3XdjV
RNj 3XjX J:L1hP>u._P.uLJA* ahl.u
h?2 i2`K BM #`+F2ib `2T`2b2Mi i?2 +QMimBMmBiv 2[miBQM M/ Bb b2i iQ x2`QX am#biBimiBM; i?2




+∇ · (ρe2u) = −ρ∇ · 2u U3Xd9V
h?Bb 7Q`Kb i?2 +QKTH2i2 b2i Q7 2[miBQM b Q7 ?v/`Q/vMKB+b BM #Qi? +QMb2`piBp2 M/ MQM@
+QMb2`piBp2 7Q`Kb UM/2`bQM RNN8VX
TT2M/Bt .
RN9
RN8 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3XR, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v  9y FK b−1 JR KQH2+mH` rBM/X
RNe 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3Xk, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v  ey FK b−1 JR KQH2+mH` rBM/X
RNd 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3Xj, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v  Ryy FK b−1 JR KQH2+mH` rBM/X
RN3 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3X9, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v  R9y FK b−1 JR KQH2+mH` rBM/X
RNN 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3X8, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v  9y FK b−1 Jj iQKB+ rBM/X
kyy 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3Xe, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v  ey FK b−1 Jj iQKB+ rBM/X
kyR 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3Xd, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v  Ryy FK b−1 Jj iQKB+ rBM/X
kyk 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3X3, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v R9y FK b−1 Jj iQKB+ rBM/X
kyj 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3XN, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M2`i2/
#v  9y FK b−1 Jk KQH2+mH` rBM/X
ky9 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3XRy, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M@
2`i2/ #v  ey FK b−1 Jk KQH2+mH` rBM/X
ky8 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3XRR, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M@
2`i2/ #v  Ryy FK b−1 Jk KQH2+mH` rBM/X
kye 3XjX J:L1hP>u._P.uLJA* ahl.u
6B;m`2 3XRk, *`Qbb@b2+iBQMH /Bbi`B#miBQMb Q7 /2MbBiv- tBH p2HQ+Biv- KQH2+mH` 7`+iBQM M/ i?2 T`2bbm`2 ;2M@
2`i2/ #v  R9y FK b−1 Jk KQH2+mH` rBM/X
"B#HBQ;`T?v
F`b aX- :QMÏHp2b .X _X- _KQb@G`BQb :X- kyRd- JL_a- 9e8- Rk3N
H2KM AX- wBDHbi` X X- Jibmm` JX- :`m2MrH/ _X- EBKm` _X EX- kyRR- JL_a- 9Re- dNy
M/2`bQM CX .X- RNN8- *QKTmiiBQMH 6HmB/ .vMKB+bX J+:`r >BHH AMi2`MiBQMH 1/BiBQMbX
M/2`bbQM "X@:X- SBB`QH oX- .2 "mBx2` CX- *H2K2Mb .X SX- lQKQiQ X- *?`+Qb@GHQ`2Mb JX-
:2#HH2 hX _X- Gx`BM X- >QM; hX- oQ`MM2M hX- kyRj- TD- dd8- 39
`Mm/ JX- _Qi?2M~m; _X- RN38- a- ey- 9k8
"HB+F "X- RN3d- C- N9- edR
"HHv CX- GM2 X SX- RNNR- BM 1HbiQM _X- 2/X- bi`QMQKB+H aQ+B2iv Q7 i?2 S+B}+ *QM72`2M+2
a2`B2b oQHX R9 Q7 bi`QMQKB+H aQ+B2iv Q7 i?2 S+B}+ *QM72`2M+2 a2`B2b- a?Q+F2/ KQH2+mH`
?v/`Q;2M bbQ+Bi2/ rBi? >2`#B;@>`Q Q#D2+ib M/ KQH2+mH` Qmi~Qrb, i?2 *2T?2mb@ ~QrXX
TT kdjĜkd3
"H+F CX >X- .H;`MQ X- RNde- TC- kyj- Rjk
"HF2 :X JX- RNdk- JL_a- R8e- ed
"HM/7Q`/ _X .X- SvM2 .X :X- RN3k- JL_a- RNN- 33j
"HQ2+F2` hX- RNN8- T- kNN- d88
"`2##B qX X- RNNR- *QKTmiiBQMH JQ/2HHBM; Q7 6`22 M/ JQpBM; "QmM/`v S`Q#H2KbX qHi2`
/2 :`m2i2`X
"`2bbM X- J`B;Q SX- :B``/B GX- aHbMB+? "X- .H *2`Q *X- _m#2H2 aX- LMMB X- kyRk- JL_a-
9kd- Rkd
"`QrM hX JX- "Qr2`b *X qX- EBK#H2 _X X- ar2B;`i X oX- 62`;mbQM >X *X- kyyy- TC- 8jk- jy3
kyd
ky3 "A"GAP:_S>u
"mD``#H oX- H+QH2 CX- L2`B _X- RNN3- TC- 8y9- NR8
"mD``#H oX- *bi`Q@*``BxQ X- H+QH2 CX- aM+?2x *QMi`2`b *X- kyyR- T- jdd- 3e3
"mD``#H oX- S`/Q CX _X- kyyd- "HiB+ bi`QMQKv- Re- Rke
*bi`Q@*``BxQ X- ZmBMiM@G++B :X- L2`B _X- "mD``#H oX- a+?ƺB2` 6X GX- qBMi2`b CX JX-
PHQ7bbQM >X- GBM/[pBbi JX- H+QH2 CX- Gm+b _X- :`2rBM; JX- kyRy- - 8kj- 8N
*2`MB+?`Q CX- :m2HBM JX- S2MHp2` CX- J`iBM@SBMi/Q CX- Jm2`b#2`;2` _X- RN3N- T- kkk- GR
*?2pHB2` _X X- AKKm` CX LX- RN3j- TD- kdy- 889
*H`F2 .X X- kyRy- TCa- R3d- RRN
*Qm`Mi _X- 6`B2/`B+?b EX PX- RN93- amT2`bQMB+ 6HQr M/ a?Q+F qp2bX AMi2`b+B2M+2 Sm#HBb?2`b-
BM+
.pBb *X CX- aKBi? JX .X- :H2/?BHH hX JX- o``B+ii qX SX- kyy8- JL_a- jey- Ry9
.pBb *X CX- aKBi? JX .X- ai2`M GX- E2`` hX >X- *?B` CX 1X- kyyj- JL_a- j99- kek
.2+QM _X JX- :`22M X CX- *?TKM CX JX- kyy9- BM .mT`22 X EX- "2Mx X PX- 2/b- ai`b b
amMb , +iBpBiv- 1pQHmiBQM M/ SHM2ib oQHX kRN Q7 Al avKTQbBmK- _/BQ P#b2`piBQMb Q7
Jb2`b BM SQbi@:" ai`bX TX 38j
.2mib+? X CX- RN8e- TC- Rkj- kRy
.QM; _X- .`BM2 "X hX- kyRR- TC- dkd- j8
.mT`22 X EX- _2BK2`b .X- RN3d- Jbb GQbb 7`QK *QQH ai`bX TX jkR
.r`F/b oX oX- "HB+F "X- RNN3- TC- 9Nd- ked
6M; sX- w?M; uX- ErQF aX- >bB *X@>X- *?m qX- _KQb@G`BQb :X- :m2``2`Q JX X- kyR3-
TC- 38N- Nk
6Q`/2 EX- kyRj- S?. i?2bBb
6`MF X- *?2M wX- _2B+?`/i hX- .2 J`+Q PX- "H+FKM 1X- LQ`/?mb CX- kyR3- :HtB2b- e-
RRj
6`2r .X CX- S`F2` ZX X- kyRy- - kd- RkN
kyN "A"GAP:_S>u
6`Q2#`B+? .X- JFBM aX oX- .pBb *X CX- :H2/?BHH hX JX- EBK uX- EQQ "X@*X- _QrH2b CX- 1BbHƺz2H
CX- LB+?QHb CX- G22 CX CX- qBHHBKbQM CX- "m+FM2` X aX JX- kyR8- JL_a- 989- k83e
6`vt2HH "X- `M2ii .X- Jm2HH2` 1X- RNNR- TC- jed- eRN
:`+ő@>2`MM/2x .X X- JM+?/Q X- kyRe- BM CQm`MH Q7 S?vbB+b *QM72`2M+2 a2`B2b oQHX dk3 Q7
CQm`MH Q7 S?vbB+b *QM72`2M+2 a2`B2b- PM i?2 7Q`KiBQM Q7 KQH2+mH2b M/ bQHB/@bii2 +QKTQmM/b
7`QK i?2 :" iQ i?2 SL T?b2bX TX yjkyyN
:`+ő@a2;m` :X- GM;2` LX- _Ʀʊv+xF JX- g6`M+Q CX- RNNN- TC- 8Rd- ded
:`+ő@a2;m` :X- GƦT2x CX X- ai2z2M qX- J2#m`M CX- JM+?/Q X- kyye- TC- e9e- GeR
:2#HH2 hX _X- EBK uX >X- EM+F2 _X 6X- LQHH EX aX- RN33- TDH- jke- Ge8
:H2/?BHH hX JX- kyy8- JQMi?Hv LQiB+2b Q7 i?2 _QvH bi`QMQKB+H aQ+B2iv- j8e- 33j
:H2/?BHH hX JX- 6Q`/2 EX SX- kyRk- KM`b- 9kR- j9e
:H2/?BHH hX JX- 6Q`/2 EX SX- kyR8- JL_a- 99d- Ry3y
:H2/?BHH hX JX- 6Q`/2 EX SX- GQr2 EX hX 1X- aKBi? JX .X- kyRR- JL_a- 9RR- R98j
:H2/?BHH hX JX- ui2b CX X- kyyj- JL_a- j9j- 33y
:m2``2`Q JX X- oBHHp2` 1X- JM+?/Q X- :`+B@G`BQ SX- S`/ 6X- kyyy- TCa- Rkd- Rk8
>#BM; >X CX- RNNe-  _2pX- d- Nd
>`i[mBbi hX qX- qBHHBKb .X X- RNN3- h?2 KQH2+mH` bi`QT?vbB+b Q7 bi`b M/ ;HtB2b- 9
>2`rB; 6X- kyy8- _ MMmH _2pB2r Q7 bi`QMQKv M/ bi`QT?vbB+b- 9j- 9j8
>ƺ7M2` aX- :mib+?v@GQB/H _X- `BM;2` "X- CǠ`;2Mb2M lX :X- kyyj- - jNN- 83N
>ƺ7M2` aX- PHQ7bbQM >X- kyR3-  _2pX- ke- R
>QHH2M#+? .X- J+E22 *X 6X- RNdN- TDb- 9R- 888
>QHH2M#+? .X- J+E22 *X 6X- RN3N- TD- j9k- jye
>QHH2M#+? .X- Lii X- RNN8- TC- 988- Rjj
>QHH2M#+? .X- aHT2i2` 1X 1X- RNdR- TD- Rej- R88
>Q` CX GX- Gii2` qX "X- .2mib+? GX EX- RNNN- TCa- Rk9- RN8
kRy "A"GAP:_S>u
>Qr2 .X X- >`i[mBbi hX qX- qBHHBKb .X X- RNN9- JL_a- kdR- 3RR
>`BpMF "X CX- ErQF aX- am EX uX GX- kyyy- PTiB+H AK;BM; Q7 S`QiQ@THM2i`v L2#mH2X TX R88
>`BpMF "X CX- ErQF aX- oQHF EX JX- RN3N- TC- j9e- ke8
>`BpMF "X CX- aKBi? LX- am EX uX GX- a?B _X- kyy3- TD- e33- jkd
>m`i2@1bTBMQb JX- 6`MF X- "HB+F "X- "H+FKM 1X :X- .2 J`+Q PX- EbiM2` CX >X- a?B
_X- kyRk- JL_a- 9k9- ky88
A#2M C`X AX- _2MxBMB X- RN3j- _- kR- kdR
CKBM2i SX X- .M+?B qX *X- amiiQM 1X *X- "B2;BM; CX >X- qBHM2` .X- _mbb2HH X SX :X- aM/2HH
:X- RNNR- TD- j3y- 9eR
CQ?MbiQM2 *X SX- :Ƀ/2H JX- GɃ7iBM;2` hX- hQi? :X- "`Qii AX- kyR8- - 8dd- kd
EM2 CX- `M2ii .X- _2KBM;iQM "X X- :H2M/BMMBM; aX :X- "xM :X- JɃHH2` 1X- 6`vt2HH "X X-
h2vbbB2` _X- kyyy- TC- 8k3- N3N
E`Fb X AX- kyRy- bi`QT?vbB+b M/ aT+2 a+B2M+2 S`Q+22/BM;b- Re- Ryd
EbiM2` CX >X- kyy8- BM K2`B+M bi`QMQKB+H aQ+B2iv J22iBM; #bi`+ib Okye oQHX jd Q7
"mHH2iBM Q7 i?2 K2`B+M bi`QMQKB+H aQ+B2iv- L2`@/2i? h`Mb7Q`KiBQM, Jbb 1D2+iBQM BM
SHM2i`v L2#mH2 M/ S`QiQTHM2i`v L2#mH2X TX 9eN
EbiM2` CX >X- q2BMi`m# .X X- :iH2v AX- J2``BHH EX JX- S`Q#bi _X :X- RNNe- TC- 9ek- ddd
EiQ uX- kyyd- Taa- jyd- RR
E2HHv .X JX- >`BpMF "X CX- kyyj- BM ErQF aX- .QTBi JX- ami?2`HM/ _X- 2/b- SHM2i`v L2#@
mH2, h?2B` 1pQHmiBQM M/ _QH2 BM i?2 lMBp2`b2 oQHX kyN Q7 Al avKTQbBmK- L2`@AM7``2/
aT2+i`Qb+QTv Q7 >2 BM S`QiQ@SHM2i`v L2#mH2X TX keN
EBK >X- qv`QrbFB 6X- J2Mi2M EX JX- .2+BM GX- kyRy- - 8Re- e3
ErQF aX- RN3k- TC- k83- k3y
ErQF aX- RNNj- `- jR- ej
ErQF aX- kyy9- Lim`2- 9jy- N38
ErQF aX- kyyd- h?2 P`B;BM M/ 1pQHmiBQM Q7 SHM2i`v L2#mH2X *K#`B/;2 lMBp2`bBiv S`2bb-
kyyd
kRR "A"GAP:_S>u
ErQF aX- kyy3- BM .2M; GX- *?M EX GX- 2/b- h?2 `i Q7 JQ/2HBM; ai`b BM i?2 kRbi *2Mim`v
oQHX k8k Q7 Al avKTQbBmK- ai2HH` 1pQHmiBQM 7`QK :" iQ SHM2i`v L2#mH2X TT RNdĜkyj
ErQF aX- Sm`iQM *X _X- 6Bix;2`H/ SX JX- RNd3- TC- kRN- GRk8
G;/2+ 1X- JûF`MB .X- /2 6`2Bib S+?2+Q CX X- .Qm;/Qb *X- kyy8- - 9jj- 88j
G;/2+ 1X- o2`?Q2Hbi hX- JûF`MB .X- am22x PX- wBDHbi` X X- "2M/DQv SX- ax+x2`# _X-
*?2bM2m PX- pM qBM+F2H >X- "`HQr JX CX- Jibmm` JX- "Qr2v CX 1X- GQ`2Mx@J`iBMb aX-
:H2/?BHH hX- kyRR- KM`b- 9Rd- jk
GK2`b >X CX :X GX JX- *bbBM2HHB CX SX- RNNN- AMi`Q/m+iBQM iQ ai2HH` qBM/b
GM/m GX .X- GB7b?Bix 1X JX- RN8N- 6HmB/ J2+?MB+b- pQHmK2 e 2/MX S2`;KQM S`2bb
G2 "2`i`2 hX- RNNd- BM .2 :`2p2 CX SX- "HQKK2 _X- >2Mb#2`;2 >X- 2/b- ai2HH` iKQbT?2`2b,
h?2Q`v M/ P#b2`piBQMb oQHX 9Nd Q7 G2+im`2 LQi2b BM S?vbB+b- "2`HBM aT`BM;2` o2`H;- *QQH
ai`b qBM/b M/ Jbb GQbb, P#b2`piBQMbX TX Rjj
G22 *X@6X- >bm JX@*X- a?B _X- kyyN- TD- eNe- Rejy
G22 *X@6X- a?B _X- kyyj- TC- 83e- jRN
G2TT aX- J+*`v _X- RN3j- TD- keN- 8ey
G2TT aX- a?mHH CX JX- RN3j- TC- kdy- 8d3
GQmT *X- 6Q`p2BHH2 hX- PKQMi X- LvKM GX X- RNNy- T- kkd- GkN
GvFQm 6X- wBDHbi` X- EHmbF CX- G;/2+ 1X- hmi?BHH SX- pBbQM X- LQ``Bb "X- S`F2` ZX- kyR3-
:HtB2b- e- Ry3
GvM/2M@"2HH .X- RNNe- JL_a- kdN- j3N
JKQM :X X- :Hbb;QH/ X 1X- >m;;BMb SX CX- RN33- TD- jk3- dNd
JM+?/Q X- aiM;?2HHBMB GX- oBHHp2` 1X- :`+ő@a2;m` :X- a?r _X X- :`+ő@>2`MM/2x
.X X- kyR8- TC- 3y3- RR8
J`[m2x@Gm;Q _X X- _KQb@G`BQb :X- :m2``2`Q JX X- ox[m2x _X- kyRj- JL_a- 9kN- Ndj
Jibmm` JX- aT2+F X EX- J+>mMm "X JX- hMF AX- q`B;?i LX CX- aKBi? JX .X- wBDHbi` X X-
oBiB aX- q2bbQM _X- kyyN- TC- dyy- Ryed
kRk "A"GAP:_S>u
J+.QMH/ AX- wBDHbi` X X- kyR8- JL_a- 993- 8yk
J+E22 *X 6X- aiQ`2v CX qX oX- qibQM .X JX- :`22M aX- RN3k- TD- k8N- e9d
J2BtM2` JX- kyyy- S`QT2`iB2b Q7 S`QiQ@SHM2i`v L2#mH2X TX Rj8
J2bb2M;2` aX- kyyy- Lim`2- 9y9- Ne3
JBb?` X- GB X- CBM; "X qX- kyRe- TC- 3k8- e3
JBbxHbFB "X- +F2` X- JQzi X 6X CX- S`F2` ZX X- l/HbFB X- kyyN- - 9Ne- 3Rj
JQMi2B`Q >X- JQ`Bbb2i *X- :`m2MrH/ _X- oB2;b aX JX- kyyy- TC- 8jd- 38j
JQ`;?M X- kyy3- S?. i?2bBb
LFb?BK CX@BX- 6QM; .X- >b2;r hX- >B`MQ LX- EQMBM; LX- ErQF aX- GBK CX- .BM?@oM@h`mM;
uQmM; EX- kyyd- C- Rj9- kyj8
L2m72H/ .X X- Em7KM JX CX- RNNj- TD- 9R3- kej
L2v 1X SX- J2``BHH EX JX- "2+FHBM 1X 1X- L2m;2#m2` :X- qvMM@qBHHBKb *X :X- RNd8- TC- RN3-
GRkN
LQ`KM JX GX- qBMFH2` EX@>X X- RN38- amT2`bQMB+ D2ibX GQb HKQb, GQb HKQb LiBQMH
G#Q`iQ`v- RN38
LQpBFQp AX- aKBi? JX- kyRN- JL_a- 93N- jdRy
LQpBFQp AX .X- aKBi? JX .X- kyR3- JL_a- 93y- d8
PHQ7bbQM >X- LvKM GX@A˚X- RNNN- T- j9d- RN9
S+xvƖbFB "X- RNdR- - kR- 9Rd
S`F2` 1X LX- RNeR- TD- Rjj- RyR9
S`F2` ZX X- +F2` X- 6`2r .X CX- >`iH2v JX- S2vm/ X 1X CX- P+?b2M#2BM 6X- S?BHHBTTb aX-
_mbb2BH .X- "2mHB2m aX 6X- *Q?2M JX- EƺTT2M CX- JBbxHbFB "X- JQ`;M .X >X- JQ``Bb _X X >X-
SB2`+2 JX CX- om;?M X 1X- kyye- JL_a- jdj- dN
S2`BMQiiQ JX- a+?ƺM#2`M2` .X- ai2z2M JX- g*HQM+B *X- kyy9- - 9R9- NNj
SBQpM GX- hMiHQ _X- *?BQbB *X- kyyj- - 9y3- 88N
S`BHMBF .X- kyyy- M AMi`Q/m+iBQM iQ i?2 h?2Q`v Q7 ai2HH` ai`m+im`2 M/ 1pQHmiBQM
kRj "A"GAP:_S>u
_; X *X- *bi2HHMQb@_Kő`2x X- 1b[mBp2H X- _Q/`ő;m2x@:QMxH2x X- o2Hx[m2x SX 6X- kyR8-
- 8R- kjR
_KQb@G`BQb :X- :m2``2`Q JX X- a#BM GX- aMiK`ő 1X- kyRd- JL_a- 9dy- jdyd
_KQb@G`BQb :X- :m2``2`Q JX X- ox[m2x _X- S?BHHBTb CX SX- kyRk- JL_a- 9ky- RNdd
_2BK2`b .X- RNd8- J2KQB`2b Q7 i?2 aQ+B2i2 _QvH2 /2b a+B2M+2b /2 GB2;2- 3- jeN
_2MxBMB X- RN3R- BM A#2M C`X AX- _2MxBMB X- 2/b- S?vbB+H S`Q+2bb2b BM _2/ :BMib oQHX 33 Q7
bi`QT?vbB+b M/ aT+2 a+B2M+2 GB#``v- _2/ ;BMib b T`2+m`bQ`b Q7 THM2i`v M2#mH2X TT
9jRĜ99e
_2vMQH/b _X CX- RN3N- TC- j98- 3RR
_B2` X- :`+ő@G`BQ SX- JM+?/Q X- am`2x PX- :`+ő@>2`MM/2x .X X- :m2``2`Q JX X-
kyyj- BM `i?m` CX- >2MM2v qX CX- 2/b- _2pBbi J2tB+M /2 bi`QMQKB v bi`Q}bB+ *QM@
72`2M+2 a2`B2b oQHX R8 Q7 _2pBbi J2tB+M /2 bi`QMQKB v bi`Q}bB+ *QM72`2M+2 a2`B2b-
P#b2`piBQMb Q7 i?2 C2i@GBF2 ai`m+im`2 bbQ+Bi2/ rBi? i?2 "BM`v SHM2i`v L2#mH :GJS
ekRX TT 3kĜ3k
_B2` X- o2Hx[m2x SX 6X- _; X *X- 1biH2HH _X- *bi`BHHƦM X- kyR9- - 8eR- R98
_Qb2M X- aKBi? JX .X- kyy9- JL_a- j9d- RyNd
_Qb2M X- aKBi? JX .X- kyy9#- - 9Rj- 8Nj
_Qb2M}2H/ SX- CQ?MbQM GX *X- :B``/B GX- .H+MiQM kyRk- TC- d88- RjR
_v/2M "X- kyRe- .vMKB+bX P?BQ aii2 :`/mi2 bi`QT?vbB+b a2`B2b- P{+2 Q7 .BbiM+2 1/ 
2G2`MBM; i Pal
a##/BM 6X- "2M2iiB aX- *TT2HH`Q 1X- hm`iiQ JX- kyyy- - jeR- RRRk
a?B _X- >BM2b .X *X- EbiM2` CX >X- q2BMi`m# .X X- h`m;2` CX hX- _B2F2 JX CX- h?QKTbQM
_X AX- a+?M2B/2` :X- RNN3- TC- 9Nk- GRej
a?B _X- JQ``Bb JX- aM+?2x *QMi`2`b *X- *Hmbb2M JX- kyyd- C- Rj9- kkyy
a?B _X- JQ``Bb JX _X- *QMi`2`b *X aX- *Hmbb2M JX CX- kyRk- BM Al avKTQbBmK oQHX k3j Q7
Al avKTQbBmK- lM/2`biM/BM; i?2 BKK2/Bi2 T`Q;2MBiQ`b Q7 THM2i`v M2#mH2X TT R3yĜR3j
a?B _X- JQ``Bb JX _X- oBHH` :X :X- kyRR- C- R9R- Rj9
kR9 "A"GAP:_S>u
a?B _X- h`m;2` CX hX- RNN3- C- RRe- Rj8d
a?B _X- h`m;2` CX hX- qibQM X JX- aiT2H72H/i EX _X- >2bi2` CX CX- "m``Qrb *X CX- "HHBbi2`
:X 1X- *H`F2 CX hX- *`BbT .X- 1pMb _X qX- :HH;?2` AAA CX aX- :`B{i?b _X 1X- >Q2bb2H CX :X-
>QHixKM CX X- JQmH/ CX _X- a+Qr2M SX X- q2biT?H CX X- RNN3- TC- 9Nj- jyR
aH`Bb JX- q2Bbb X- *bb`¨ GX SX- SBQpM GX- *?BQbB *X- kyR9- - 8e8- N
aM+?2x *QMi`2`b *X- "mD``#H oX- *bi`Q@*``BxQ X- H+QH2 CX- a`;2Mi X- kyy9- TC- eRd-
RR9k
aM+?2x *QMi`2`b *X- a?B _X- :BH /2 Sx X- kyyk- TC- 8d3- keN
aM/BM *X- >ƺ7M2` aX- kyyj- - 9y9- d3N
aMiM/2`@:`+ő JX- "mD``#H oX- EQMBM; LX- ai2z2M qX- kyR8- - 8dj- 8e
a`T? >X 1X- RNdj- CQm`MH Q7 S?vbB+b " iQKB+ JQH2+mH` S?vbB+b- e- Gk9j
a+?B``K+?2` oX- qQBiF2 SX- a2/HKv` 1X- kyyj- - 9y9- ked
a+?Q2M#2`M2` .X- RNdN- - dN- Ry3
a+?ƺM#2`; JX- *?M/`b2F?` aX- RN9k- TC- Ne- ReR
a+?ƺM#2`M2` .X- C+Q# _X- ai2z2M JX- gS2`BMQiiQ JX- *Q``/B _X GX JX- +F2` X- kyy8- -
9jR- Nej
a?TB`Q SX _X- EM; >X- RN3d- TD- jR3- jk
a?mHH CX JX- "2+FrBi? aX- RN3k- _- ky- Rej
a?mHH CX JX- >QHH2M#+? .X CX- RNd3- TC- kky- 8k8
aKBi? JX .X- RN3e- JL_a- kkj- 8d
aKBi? JX .X- RNN9- KM`b- kee- kj3
aKBi? JX .X- RNN9#- - k3N- k8e
aKBi? JX .X- kyy9- h?2 Q`B;BM Q7 bi`bX AKT2`BH *QHH2;2 S`2bb- Aa"L R@3eyN9@8yR@8- kyy9- sAAA
Y k93 TTX
aKBi? JX .X- .pBb *X CX- _QrH2b CX >X- EMB;?i JX- kyR9- JL_a- 99j- keRk
aKBi? JX .X- E?Mx/vM hX- .pBb *X CX- kyyj- JL_a- jjN- 8k9
kR8 "A"GAP:_S>u
aKBi? JX .X- _Qb2M X- kyyj- KM`b- jjN- Rjj
aKBi? JX .X- _Qb2M X- kyy8- JL_a- j8d- 8dN
aKBi? JX .X- _Qb2M X- kyyd- JL_a- jd3- eNR
aKBi? JX .X- aK`` GX- LQ`KM JX GX- qBHbQM CX _X  X- RN3R- Lim`2- kNj- kdd
aKBi? LX- kyRj- JL_a- 9kN- kjee
aKBi? LX- "HB+F "X- :2?`x _X .X- kyy8- C- Rjy- 38j
ai2z2M qX- EQMBM; LX- 1b[mBp2H X- :`+ő@a2;m` :X- :`+ő@.őx JX hX- GƦT2x CX X- J;MQ`
JX- kyRj- JL_a- 9je- 9dy
aiQM2 CX JX- LQ`KM JX GX- RNNk- TDb- 3y- d8j
aiQM2 CX JX- sm CX- JmM/v GX :X- RNN8- Lim`2- jdd- jR8
ai`B+FHM/ _X- "HQM/BM CX JX- RNN8- TC- 99N- dkd
ami?2`HM/ _X aX- .QTBi JX X- RNNj- TDb- 33- k8j
amiiM2` :X- aKBi? JX .X- uQ`F2 >X qX- wBMM2+F2` >X- RNNd- T- jR3- 8N8
ax+x2`# _X- aBƦ/KBF LX- aibBƖbF :X- "Q`FQrbFB CX- kyyd- T- 9eN- dNN
hvHQ` EX LX _X- aiQ`2v CX qX oX- aM/2HH :X- qBHHBKb SX JX- w2H2v qX CX- RN39- Lim`2- jRR-
kje
hB2H2Mb X- kyy8- h?2 S?vbB+b M/ *?2KBbi`v Q7 i?2 AMi2`bi2HH` J2/BmKX *K#`B/;2 lMBp2`bBiv
S`2bb
hQH CX X- `i?m` aX CX- kyR9- JL_a- 99j- j93e
hm`M2` CX- EB`#v@.Q+F2M EX- .H;`MQ X- RNdd- TCa- j8- k3R
l2i hX- J2BtM2` JX- "Q#`QrbFv JX- kyyy- TD- 8k3- 3eR
l2i hX- J2BtM2` JX- "Q#`QrbFv JX- kyyy#- BM EbiM2` CX >X- aQF2` LX- _TTTQ`i aX- 2/b-
bvKK2i`B+H SHM2i`v L2#mH2 AA, 6`QK P`B;BMb iQ JB+`Qbi`m+im`2b oQHX RNN Q7 bi`QMQK@
B+H aQ+B2iv Q7 i?2 S+B}+ *QM72`2M+2 a2`B2b- .mH tBbvKK2i`v BM S`QiQ@THM2i`v L2#mH
_2~2+iBQM L2#mHQbBiB2b, _2bmHib 7`QK M >ah aMTb?Qi am`p2v Q7 SSL *M/B/i2bX TX RN8
l2i hX- Jm`Fr EX- J2BtM2` JX- kyy8- D- RkN- Rek8
kRe "A"GAP:_S>u
pM /2 ai22M2 :X *X- l2i hX- pM >QQ7 SX X JX- _2vMB2`b JX- :BMb#m`; X :X- kyy3- -
93y- dd8
pM /2 ai22M2 :X *X- qQQ/ SX _X- pM >QQ7 SX X JX- kyyy- BM EbiM2` CX >X- aQF2` LX- _TTTQ`i
aX- 2/b- bvKK2i`B+H SHM2i`v L2#mH2 AA, 6`QK P`B;BMb iQ JB+`Qbi`m+im`2b oQHX RNN Q7
bi`QMQKB+H aQ+B2iv Q7 i?2 S+B}+ *QM72`2M+2 a2`B2b- >α 1KBbbBQM GBM2 S`Q}H2b Q7 a2H2+i2/
SQbi@:" ai`bX TX RNR
pM /2` o22M qX 1X *X CX- >#BM; >X CX- :2#HH2 hX _X- RN3N- - kke- Ry3
pM J`H2 X CX- E2TT2Mb _X- kyRk- - 89d- j
obbBHB/Bb 1X- qQQ/ SX _X- RNN9- TCa- Nk- Rk8
o2Hx[m2x SX 6X- _B2` X- _; X *X- kyy9- - 9RN- NNR
o2Hx[m2x SX 6X- _B2` X- _; X *X- hQH2/Q@_Qv CX *X- kyR9- TC- dN9- Rk3
oBb?MB+ 1X hX- RNN9- TC- 9k3- R3e
qF2HK oX- "`QM 1X- *xmt aX- .mHB2m 6X- :`v *X- :mBHH`/ SX- >#`i 1X- >Q`M2F¤` GX-
JQ`Bbb2i aX- LvKM :X- SB``QM2HHQ oX- S`B+2 aX .X- oH/BpB oX- oB/HB :X- qiM#2 LX- kyRd-
JQH2+mH` bi`QT?vbB+b- N- R
qHH2`bi2BM :X- EMTT :X _X- RNN3- _- je- jeN
q?BirQ`i? X SX- *H`F2 *X CX- RNNd- KM`b- kNR- 8d3
qBMi2`b CX JX- G2 "2`i`2 hX- C2QM; EX aX- >2HHBM; *X- a2/HKv` 1X- kyyy- - jeR- e9R
qQQ/ SX _X- 6mHFM2` .X CX- RN3e- TC- jyd- e8N
qQQ/ SX _X- PHBpB2` 1X X- ErH2` aX .X- kyy9- TC- ey9- 3yy
w?m sX- qM; >X- 6M uX- .m wX- >2 >X- kyRk- a+B2M+2 *?BM S?vbB+b- J2+?MB+b- M/ bi`QMQKv-
88- Rdky
